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Abstract 
 
     Polymer brushes provide the responsive smart surfaces which can be used for fabrication 
of various devices. In this thesis work, adhesion, friction, and wear of polystyrene (PS) - 
poly(2-vinyl pyridine) (P2VP) and polystyrene - poly(acrylic acid) (PAA) binary brushes and 
corresponding monobrushes were investigated in dried state under controlled environment. 
Spin-coated films were also investigated for comparison. The aim was to explore possibilities 
to control/tune adhesion, friction, and wear between inorganic or polymeric surfaces by use of 
polymer brushes. Atomic force microscopy (AFM) with sharp silicon nitride tip and colloidal 
probes was employed to investigate the nanoscale adhesion and friction forces between 
different inorganic and polymeric surfaces. Adhesion and friction on the polymer brushes 
were comparable to that on the spin-coated films. Adhesion and friction force values were 
correlated, and were in accordance with the wettability of the brush surfaces for most of the 
samples. Switching in the adhesion and friction forces was observed for the PS+P2VP and 
PS+PAA binary brushes on treatment with selective solvents. Maximum switching in 
adhesion force and friction coefficient was by a factor of 2.7 and 5.4, respectively. 
Furthermore, switching of friction for mixed brush surface was observed during macroscale 
friction measurements using nanoindenter. Friction coefficients at macroscale were higher 
than those at the nanoscale. Moreover, adhesion and friction forces between the surfaces were 
significantly influenced by the humidity, grafting density of polymer brushes, chemical 
composition of top of the binary brush surface, and tip scan velocity. Nanowear studies were 
carried out with AFM using sharp silicon nitride tip while macrowear studies were carried out 
using nanoindenter. Nanowear on the surfaces was affected by molecular entanglements, 
adhesion and friction forces as well as shape and status of the tip. It was observed that the 
typical wear mode for PS brushes (treated with toluene) was ripple formation. In case of 
P2VP brushes (treated with ethanol) and PAA brushes (treated with pH 10 water), wear 
occurred via removal of the polymeric material. Wear mechanism observed for the 
monobrushes was similar to that observed for the spin-coated thick films of the same 
polymeric material. However, extent of the wear on the brush surfaces significantly differed 
from that on the spin-coated films. In case of PS+P2VP and PS+PAA binary brush samples, 
change in the wear mode was observed on treatment with the different selective solvents. On 
treatment with toluene (PS on the top), both of these binary brushes showed the wear by 
formation of the ripples. On the other hand, when these binary brushes were treated with 
selective solvent for P2VP or PAA, wear occurred mainly via removal of the polymeric 
 IV 
material. The amount of wear increased with the number of scans for all the polymer brush 
samples. Moreover, wear on the polymer brush surfaces was also increased on increase in the 
applied load and decrease in the scan speed. Wear behavior on macroscale was averaged due 
to contact between surfaces at large number of asperities. Our results show that adhesion, 
friction, and wear of polymer surfaces can be controlled/tuned by the use of binary polymer 
brushes. 
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Chapter 1 
Introduction 
 
1.1  Introduction  
 
      Adhesion, friction, and wear are important properties of the surfaces which determine the 
utility of the material for particular application. Polymer brushes are potential material for 
many important applications. Hence, a basic introduction about adhesion, friction, wear, and 
polymer brushes is given in this chapter. The motivation and aim as well as outline of the 
thesis work have been included in end of the chapter. 
 
1.1.1  Contact between surfaces 
     If two bodies contact each other in a point or a line, then the action of the compressive 
forces results in deformation. As a result, there is a change in the real area of contact between 
the bodies. This phenomenon has a strong impact on the adhesion, friction, and wear on the 
surfaces. The mechanical contact between solid bodies can be described quite well with 
continuum models, even though they neglect atomic details [1]. 
 
     In the past, contact between the surfaces has been studied by various workers. The contact 
mechanics between two elastic solids in the absence of surface forces (eg. adhesion) is well 
established by Hertz [2]. This theory assumes that material is homogeneous and isotropic and 
that Hooke’s law applies. The contact area (Ac) between the sphere and a flat surface is given 
by the relation 
 
                                                         Ac = pi ( RF / K )2/3                                                       (1.1) 
 
where, R is the radius of the sphere, F is applied load, and K is the effective elastic modulus 
according to [1]  
 
                                           1 / K = ¾ [ (1-v12) / E1 + (1-v22) / E2 ]                                        (1.2) 
 
where, v is the Poisson’s ratio, E is the elastic modulus, and subscript 1 and 2 corresponds to 
the two surfaces. The Hertz model to calculate the common contact area of a ball and a flat 
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surface under compression is presented in Figure 1.1 (a). The contact radius (a) and 
displacement due to flattening of ball (δ) are given by following equations [3] 
 
                                                a3 = RF / K                                                                            (1.3) 
 
                                                δ = a2 / R = F / Ka                                                                 (1.4) 
 
However, the Hertz theory is not suitable at small deformation scales, because the adhesion 
force between the loading probe tip and the surface of testing material is comparable, and 
cannot be neglected [4].  
 
F
E1,ν1 R
E2,ν2
aδ
(a)
F
E1,ν1 R
δ
(b)
E2,ν2
a
 
Figure 1.1 Models to calculate the common contact area of a ball and a flat sample under 
compression: (a) Hertz model (b) JKR model. Both ball and flat surfaces are considered 
ideally smooth. 
 
     As an improvement of the Hertz model, the theory of Johnson, Kendall, and Roberts (JKR) 
includes adhesion contributions within only the flattened contact region [5,6]. In contrast to 
the Hertz model, the contact area (Ac) increases due to interfacial energy minimization (Figure 
1.1 (b)) [1].  
 
                       Ac = pi [ R / K { F + 6piγR + ( 12piγRF + (6piγR)2 )1/2 } ]2/3                              (1.5) 
 
where, γ is the interfacial energy and representing the action of adhesion. When no normal 
load is applied (F = 0), contact radius (a0) is finite and given by [1,3]. 
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                                          a0 = ( 12piγR2 / K )1/3                                                                        (1.6) 
 
Equation 1.5 further shows that under small negative loads (F < 0), the solids still adhere until 
at some critical negative force the contact breaks. This negative normal force equals the 
adhesion or ‘pull-off’ force, which is given by [1,3].  
 
                                               FJKR =  - 3piγR                                                                        (1.7) 
 
Thus, the JKR model incorporates also hysteresis effects. This theory assumes that there are 
no long-range interactions. The shortcoming of the JKR theory is that it predicts an infinitely 
high stress at the edge of the contact area. This is caused by the fact that the short-range 
attractive action outside of the contact area is zero.  
 
     The theory developed by Derjaguin, Muller, and Toporov (DMT) [7,8] provided a method 
to consider adhesion with long range forces. This means that attraction also exists outside the 
contact area. This model assumes that the surfaces in the contact deform due to attractive 
forces. This deformation is calculated by taking the Hertzian approach. The pull-off force 
between the ball and the flat sample can be described by [1] 
 
                                               FDMT =  - 4piγR                                                                       (1.8) 
 
Equation 1.8 applies only to the case of an undeformable flat with equal adhesive properties 
for both solids. The DMT model does not consider hysteresis effects. For the case of no 
external normal force (F = 0), the radius of the remaining contact area is given by [1] 
 
                                           a0 = ( 4piγR2 / 2K )1/3                                                                       (1.9)  
 
     JKR and DMT theories provide different expressions between applied load and indentation 
amount or between applied load and contact area. After comparing these two theories, Tabor 
[9] has shown that the JKR theory describes the adhesion contact problem well when the 
surface forces are short range in comparison to the elastic deformations they produce (i.e. 
compliant materials, higher surface energies, large radii of curvature); while, DMT theory 
applies well in the case of long-range surface forces with a Hertzian geometry (i.e. stiff 
material, lower surface energies, small radii of curvature).  
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 1.1.2  Adhesion 
     The term ‘‘Adhesion’’ refers to attraction between the substances whereby when they are 
brought into contact it is necessary to do work in order to separate them [10]. The ‘‘adhesion 
force’’ is defined as the force of attraction between different substances. The interaction 
between two materials is often described in terms of the work of adhesion (Wa). Work of 
adhesion in vacuum (Wa) is the free energy change, or reversible work done, to separate unit 
areas of two media 1 and 2 (1 ≠ 2) from contact to infinity in vacuum (Figure 1.2). Since all 
media attract each other in vacuum W12 is always positive [3]. Wa is related to the 
thermodynamic interfacial free energies by following relation [1] 
 
                                               Wa = γ1 + γ2 - γ12                                                                    (1.10) 
 
where, γ1 and γ2 are surface free energies of the material 1 and 2 and  γ12 is the interfacial free 
energy. However, it is quite difficult to obtain experimental values of γ for solids [11].  
 
 
Figure 1.2 Scheme showing illustration of work of adhesion. 
 
     Adhesion between the surfaces increases with decreasing roughness, showing that 
adhesion has a distinct range of action. In addition to low roughness, soft and flexible 
materials can also show strong adhesion, since these materials replicate the roughness profile 
of the counter surface, leading to intimate contact. This underlines that material deformation 
which increase with increasing normal load [12] contributes significantly and has to be 
considered by appropriate contact models [1].  
 
     The magnitude of different contributions to adhesion is presented in Figure 1.3. Four main 
contributions to adhesion can be identified [1]. The weakest influence arises from molecular 
interaction followed by electrostatic attraction, capillarity, and the action of excess charges. 
Whereas the action of capillarity and excess charges is continuum quantities, molecular 
attraction and electrostatic forces are caused by quantum mechanical interactions (e.g. Van-
der-Walls-forces and /or interlocking forces of molecules.) 
  
 
1   
2   
1   
2   
W   a       
  
 Unit area
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Figure 1.3 Forces contributing to adhesion. 
 
    The shortest range of interaction is governed by the molecular forces. To induce strong 
attraction, the spacing between the solids must be reduced to a distance lower than about 10 
nm. Mostly, this is not the case, since natural and technical surfaces are not atomically 
smooth. Molecular forces between electrically neutral particles can occur in different ways 
[1]. For rotation symmetric particles, which are not polar, an attractive interaction is caused 
by quantum fluctuations in the electronic structures of two closely neighboring particles leads 
to dipole moments, which attracts mutually. This type of attraction is known as the Van der 
Waals interaction, which consists of repulsive and an attractive contribution. In case of polar 
molecules, important reason for molecular attraction is hydrogen bonding due to dipole-dipole 
interaction between an electronegative atom and a hydrogen atom bonded to another 
electronegative atom (fluorine, oxygen or nitrogen). The dipole-dipole interaction between the 
polar compounds (e.g. salt) is also responsible for molecular attraction. 
 
    The electrostatic forces can be divided into two different contributions [1]. First is classical 
Coulomb attraction induced by the bulk excess charges present on the surface. This force 
vanishes after proper grounding of the samples. The second contribution arises from the 
electrostatic contact potential resulting in the electrical double-layer force, which remains 
constant after grounding. 
 
     Capillarity is closely associated with adhesion, cohesion, and surface tension [1]. A 
wetting liquid is pulled upwards in a capillary due to surface tension. The necessary energy 
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comes from the interaction of the liquid with the capillary wall. In sliding systems, two 
surfaces are brought in close contact. The resulting slits and pores act as capillaries. The water 
inside these slits leads to an increase of the normal force and to resistance against shear. The 
resistance via shear will be due to the viscosity of the water within the bridge, and is also 
dependent on the shear rate and the gap width. The capillary bridge is formed only if the 
liquid wets both surfaces. The capillary action depends strongly on the interfacial properties 
of liquid and solid as well as liquid and vapor. Figure 1.4 shows the formation of a capillary 
bridge. The capillary force (Fc) induced by a liquid bridge can be calculated by multiplication 
of the Laplace pressure (∆p) with the area that is immersed in the liquid (Al). It can be given 
by a relation [1] 
 
                                   Fc =  (∆p).(Al) = γ (1 / r1 + 1 / r2) pix2                                              (1.11) 
 
where, γ is the interfacial energy. It is assumed that the curvature of the meniscus is spherical. 
x is the radius of the wetted portion of the ball, and r1 and r2 are the radii of curvature as 
shown in Figure 1.4. One plane is positioned perpendicular to the other. The Laplace pressure 
equals the surface tension divided by the spherical meniscus curvature. 
 
R
r1r2
x
 
Figure 1.4 Formation of a capillary bridge. Capillary is approximated by means of two 
circles.  
 
     The adhesive properties of many substances are very sensitive to the presence of even trace 
amounts of vapors in the atmosphere. For example, the adhesion of powders is markedly 
dependent on the relative humidity [13]. It was found that in the presence of small amount of 
water, the adhesion force between mica surfaces increases in benzene, octane, cyclohexane 
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and the liquid octamethylcyclotetrasiloxane (OMCTS) [14]. This is due to the capillary 
condensation of water around surface contact sites (e.g., in cracks and pores), which can have 
a profound effect on the strength of adhesion joints [3]. 
 
     Knowledge of interparticle adhesion forces and adhesion mechanisms is important for 
understanding many technological processes such as particle agglomeration in colloidal 
dispersions and during mineral separation processes, the strength of ceramics and soils, 
friction and lubrication, and adhesives. 
 
 1.1.3  Friction 
     Friction force is the force opposing relative motion of two objects that are in contact with 
each other. Friction is necessary in some cases, e.g. for an insect to initiate motion. On the 
other hand, friction means loss of energy, and when friction is accompanied by wear it also 
means severe damage or destruction. In order to maintain the motion of a body against the 
friction force, it is necessary to perform work. But not only a moving body experiences a 
friction force. Force is also necessary to overcome inertia and static friction. Therefore, one 
has to differentiate between static, sliding or rolling friction, according to whether a body 
adheres, slides or rolls, respectively. 
 
     Friction force (Ff) between two surfaces where one of the surface is in sliding motion with 
certain velocity (V) (Figure 1.5), is related to the normal force (Fn) applied between the 
surfaces by Amonton’s law of friction [15] as follows 
 
                                                           Ff  = µ Fn                                                                                         (1.12) 
 
where, µ is the coefficient of friction, which is an empirical property of the contacting 
materials. In this standard model provided by Amonton’s law for friction between surfaces, 
there are certain inherent assumptions: (1) the frictional force is independent of area of 
contact; (2) the frictional force is independent of the velocity of motion; and, (3) the frictional 
force is proportional to the normal force as shown in Figure 1.6. One can readily find the 
examples where any or all of these assumptions are invalid, but they provide a straightforward 
framework for a treatment of friction that satisfactorily describes many phenomena. 
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Figure 1.5 The friction force Ff and normal force (the load) Fn for sliding contact. 
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Figure 1.6 Typical curve showing variation in the friction force as a function of normal force 
for sliding contact at a constant sliding velocity. 
 
     The actual atomic origin of friction is still under intensive discussion [16,17]. Friction 
means that in order to maintain the sliding of a body a permanent force has to act on this 
body. A certain amount of energy (W) has to be spent for this. Because of energy conversion 
this energy input is transferred into energy of motion and an energy loss as shown by the 
relation [1] 
 
                                           W = (mv2) / 2 + Wph + Wel                                                             (1.13) 
 
The energy loss is caused by atomic lattice vibration (phonons) Wph [18,19] due to shear-
induced displacement of atoms with respect to their equilibrium position. When an unstable 
configuration is reached the excited atom jumps back to its initial position and thus energy is 
dissipated in the form of vibration transferred either continuously by acoustic waves or 
Introduction 
 9 
quantized by phonons, finally transferred into heat [20]. The other contribution to friction is 
of electronic origin Wel [21] caused by electron scattering, the generation of electron / hole 
pairs or the formation and breaking of adhesive bonds [22,23]. In general, the electronic 
configuration is considered weak. However, if there is a significant electronic coupling 
between the molecules and the substrate, electronic friction can dominate phononic friction 
[24]. All contributions act on a timescale between pico- and nanoseconds [25]. 
 
     The coefficient of friction on particular substance is not constant. There are different 
factors that affect the coefficient of friction. The major factors are: asperities, sliding speed, 
the normal load, temperature, and the type of material. The real area of mutual contact 
depends on the surface roughness as well as asperity deformation and elasticity of the bulk 
material. The pressure on an asperity is greater than the normal force that may deform the 
contact area and asperities can weld together. Hence, frictional resistance arises from sliding 
objects breaking and creating bonds created by asperities. The true contact area between the 
surfaces increases with the time of loading, hence, contact area and therefore friction 
coefficient is higher when the sliding speed is too small (higher time of loading) and the 
friction drops as the speed increases (lower time of loading) due to decrease in contact area. 
At a given speed, coefficient of friction increases with decreasing temperature. Moreover, 
increase in applied load increase the area of contact between the surfaces by deforming the 
asperities, hence, increases the friction. Furthermore, the type of materials in the sliding 
contact also affects the coefficient of friction between the surfaces.  
 
     The normal force dependence of friction can be described by a combination of the Bowden 
Tabor (BT) model (eq. 1.14) and Hertzian contact mechanics (eq. 1.1). When the normal force 
increases, friction force (Ff) increases accordingly, but with decreasing slope 
 
                                                     Ff = τ Ac                                                                               (1.14) 
 
where, τ is the shear stress and Ac is the real area of contact. Combining the equations 1.1 and 
1.14 the normal force dependence of the friction force can be calculated by [1] 
      
 
                                              Ff = τ pi ( RF / K )2/3                                                              (1.15) 
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It has been shown by AFM experiments that this approach holds also for small contact 
diameters [1].
           
                                                           
 
     It is commonly argued that the adhesive forces between the surfaces act like an effective 
load that must be added to the external load. According to Desaguliers, adhesion between 
materials is important to friction [26]. He found that both adhesion and friction forces could 
be greatly increased by polishing the two metal surfaces to be placed in contact. This increase 
in the friction was due to increase in the contact area due to smoothening of surfaces. 
Smoothening of surface also makes it easier for adhesive forces to pull opposing surfaces 
together. Adhesive forces are always important at zero loads as, because no other force act to 
increase the size of contacts. Adhesive forces are also important when the materials are easy 
to deform such as in tape. For these materials the real and apparent areas of contact may be 
nearly equal. Although there is often a correlation between adhesion and friction, but 
adhesion alone is not sufficient to produce friction [27].   
  
     The sliding of the one surface on the other can be steady as shown in Figure 1.7 (a), where 
friction force is constant with sliding distance. However, it is observed that friction measured 
on different length and force scales very often shows instabilities due to periodic stick-slip 
cycles (Figure 1.7 (b)). On the largest length scale, earthquakes are accompanied by stick-
slips [28,29]. Machine chatter and squeaking doors are examples of stick-slips on the 
macroscale [30]. At the atomic level, stick-slips were revealed with the AFM [31,32].  
 
 
Figure 1.7 Typical friction force curves showing (a) steady sliding and (b) stick-slip motion. 
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     Although, the measured curves look similar at different scales, the origins of stick-slips are 
very often different [1]. In macrosystems, roughness is the main controlling factor of friction 
[33]. Stick-slips appear due to mechanical interlock followed by an abrupt release of the 
force. Here, frequency and amplitude of the stick-slips are a function of the mechanical 
parameters as for instance mass and stiffness of the system [34]. If no wear is involved, then 
the asperities of one solid have to slide over the asperities of the other solid. This effect can 
hardly be measured, since the macroscopic surface consists of many asperities, averaging this 
effect. When wear is involved, stick-slips tend to vanish due to onset of rolling friction as a 
part a three-body effect. In case of microscale stick-slips, where normal force and scan size 
are in intermediate range, stick-slip behavior depends both on interlock as well as on viscosity 
phenomena (increase in the viscosity due to confinement of liquids in the contact area) [1].  
 
     The nanoscale interaction can be investigated with the AFM. Here, the contact is reduced 
to a few atoms, e.g., the top atom of a cantilever tip and the surface atoms of the sample [35]. 
Nanoscale stick-slips are caused by atomic roughness (potentials), since the AFM tip has to 
climb up the potential hill of the surface atoms. The increase of the force is followed by the 
sudden drop caused by the down motion at the other side of the potential hill. According to 
the atomic arrangement, the strength and frequency of the stick-slips depend on the direction 
of sliding [36,37].  
 
     Stick-slips are observed below a critical sliding velocity. For increased sliding velocity, the 
stick-slips decrease in amplitude since the relaxation time, i.e., the time to bring the tip back 
to its initial position decreases.  
 
     As described in section 1.1.2, capillarity strongly contributes to adhesion and also to 
friction. A sample surface with hydrophilic nature can retain a large amount of water. Thus, 
the more humid the environment is, the more water can be adsorbed, and higher is the friction 
force due to capillary force contribution. When temperature is raised, desorption becomes 
stronger than adsorption and the friction decreases. At each temperature, the surface finds its 
equilibrium point in a constant ratio of adsorption and desorption. A change in sample 
temperature shifts this equilibrium point. The higher the temperature of the surface is, the 
more energetic are the water molecules, and thus more readily they can leave and return to the 
sample surface. This explains the weak dependence of the friction force on humidity changes 
at high temperatures. At low temperatures, it is obvious that the sample surface can adsorb 
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more water. At a certain point, the thickness of the water film stays constant and the friction 
force saturates.  
 
     Despite years of research, the phenomenon of friction is still not completely understood. It 
seems reasonable that for a better understanding of friction in macroscopic systems one 
should first investigate the friction of a single asperity contact. Macroscopic friction could 
then possibly be explained by taking all possible contacts into account. This can be done by 
adding the interaction of the individual contacts formed due to the roughness of the surfaces. 
In modern machines performance requirements have led to an ever-increasing importance of 
friction phenomena. It is therefore highly desirable to get a better understanding of the 
underlying effects and their relative importance. Such knowledge would ease the search for 
the optimal material for a given application. 
 
 1.1.4  Wear 
     Wear is defined as damage to a solid surface, generally involving progressive loss of 
material, due to relative motion between that surface and contacting substance or substances 
[38]. The real area of contact between two solid surfaces compared with the apparent area of 
contact is invariably very small, being limited to points of contact between surface asperities. 
Therefore the load applied to the surfaces is transferred through these points of contact and 
the localized forces can be very large. The material intrinsic surface properties such as 
hardness, strength, ductility, etc. are very important factors for wear resistance, but other 
factors like surface finish, lubrication, load, speed, corrosion, temperature and properties of 
the opposing surface etc. are equally important. 
 
     Wear is the direct result of the same processes that causes friction – the movement of the 
asperities on the surfaces over one another (Figure 1.8). If the frictional block and plate model 
is considered, then it is easy to see that the constant movement of the asperities over one 
another, with the repeated elastic and plastic deformation, will lead to material removal and a 
grinding down of the asperities (Figure 1.8). The model shown is deliberately simple and 
would eventually lead to two smooth surfaces, in reality the removed material is trapped 
between the block and the plate and creates new grooves (and therefore new asperities) as the 
surfaces rub together. 
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Before wear
After wear
 
Figure 1.8 Schematic diagrams illustrating wear considering the frictional block and plate 
model.  
 
     There are five major mechanisms of wear on the polymer surface: abrasive, adhesive, 
erosion, fatigue, and fretting. Abrasive wear occurs between surfaces of different relative 
hardness. In past, many works were carried out to investigate abrasive wear mechanism for 
polymers and polymer composites [39,40,41,42,43,44]. In an abrasive wear mechanism, 
asperities on the harder surface locally plow through the softer surface (Figure 1.9). It results 
into removal of softer material from the track traced by the asperity during the motion of 
harder surface. Third-body wear is a form of abrasive wear that occurs when hard particles 
become embedded in soft surface [45]. Abrasion wear involves the tearing away of small 
pieces of materials, therefore the tensile strength, fatigue life and hardness are important 
factors in determining the wear characteristics of a polymer [46,47]. 
 
     Adhesive wear is produced due to the formation of welded junctions between two sliding 
surfaces followed by shearing of these junctions (Figure 1.10 (a)). Intimate contact between 
the surfaces is necessary for adhesive wear to occur. Surfaces that are held apart by 
lubricating films or oxide films reduce the tendency for adhesion to occur.  
 
     Erosion is caused by a gas or a liquid that may or may not carry entrained solid particles, 
colliding with a surface (Figure 1.10 (b)). When the angle of collision is small, the wear 
produced is closely analogous to abrasion. When the angle of collision is normal to the 
surface, material is displaced by plastic flow or is shifted by brittle failure. 
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Figure 1.9 Schematic diagrams showing abrasive wear mechanism. 
 
 
(a) (b)
 
Figure 1.10 Schematic diagrams showing wear by (a) adhesive wear mechanism and (b) 
erosion. 
 
     Wear of a solid surface caused by fracture arising from material fatigue. Fatigue is the 
progressive and localized structural damage that occurs when a material is subjected to a 
repetitive or fluctuating loading. In such conditions material fails at a stress lower than that 
required to cause fracture on a single application of load.  
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     Fretting is a small amplitude oscillatory motion, usually tangential, between two solid 
surfaces in contact. Fretting wear occurs when repeated loading and unloading causes cyclic 
stresses that induce surface or subsurface break-up and loss of material. Vibration is a 
common cause of fretting wear. 
 
     The wear-rate (W) is defined as the rate of material removal or dimensional change due to 
wear, per unit of exposure parameter. It can be calculated by dividing the volume of material 
removed with distance of sliding. The specific wear rate (Ks) can be calculated by using the 
relation  
 
                                                Ks = ∆V / LFn                                                                                          (1.16) 
 
where, ∆V is the wear volume, L is the sliding distance, and Fn is the normal load. It is also 
possible to define a wear rate (k) at a given bearing pressure. It can estimate the amount of 
wear for a given pair of materials. This can be defined for a given contact pressure (P) and 
nominal contact area (A) as  
 
                                                k = W / P x A                                                                      (1.17) 
 
If k is high at a given contact pressure then there will be rapid wear between the two 
materials.  
 
     In past, wear of polymer surfaces has been investigated from various perspectives. This 
issue combines the technological interest with the nature and science of viscoelastic properties 
of the polymer molecules. As wear is a complex phenomenon in general, attempts have been 
made to carry out experiments under specified conditions. Therefore, nanowear of a 
nanometer-sized tip on a surface establishes a particular way of simplifying wear experiments 
to the utmost case of a single asperity contact. Using a single asperity contact, initial wear 
states of surfaces can be identified even before wear debris is formed. Such initial wear can be 
sufficient to upset the performance of potential nano- and micromechanical devices. 
Moreover, initial wear is important to get a deeper understanding of the physical mechanisms 
of microscopic wear.  
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     In case of wear by a nanometer-sized tip on a surface, crack formation has been proposed 
as a possible mechanism [48]. According to this approach, strip of polymer is pushed ahead 
the cantilever tip (Figure 1.11). The lateral probe tip motion yields a strain (∆), which 
produces a stress inside the polymer film. The release of that constraint is achieved through 
the propagation of a crack. The surface energy release rate (G) is given by 
 
                                      G = E ( h / 2 )( ∆ / L )2                                                                  (1.18) 
 
where, h is the penetration depth of the tip and L is the length of the crack as given in Figure 
1.11. Vprobe and v are the velocity of the probe and velocity of crack propagation, respectively. 
Ripple formation on the polymer surfaces have been explained using this model by assuming 
that crack formation involve local peeling of the surface. For a tip attached to a soft 
cantilever, stick-slip relaxation is likely to occur as the tip hovers over surface ripples without 
formation of cracks [49]. However, if the same asperity contact is the part of a rigid 
macroscopic surface, enough shear stress may be produced for crack formation to occur. In 
that case, strong adhesive wear would be observed. Nevertheless, it is commonly believed that 
ripple formation constitutes an important step in the wear mechanism of the soft surfaces. 
Load
Vprobe
L
v (crack propagation          
velocity)
a
h
Crack opening
  
Figure 1.11 Schematic diagrams showing tip-sample contact and crack opening. 
 
     In industry, it is well-known fact that, friction and wear phenomena lead to a loss of 
mechanical efficiency. Therefore, the accurate knowledge of the influence of important 
parameters such as sliding velocity, load and contact temperature, on the wear and friction 
coefficient is extremely important. 
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 1.1.5  Polymer brushes 
     Polymer brushes refer to thin films of polymer chains which are tethered by one end to a 
surface or interface [50,51]. The brushes are characterized by the high density of grafted 
chains [52]. In good solvents, tethering of the chains in close proximity to each other, forces 
the chains to stretch away from the surface to avoid overlapping. This situation, in which 
polymer chains stretch along the direction normal to the grafting surface, is quite different 
from the typical behavior of flexible polymer chains in solution where chains adopt a random-
walk configuration. Recently, polymer brushes have been described with a single parameter 
known as reduced grafting density (Σ) according to which “true brush” regime can be 
approached at a significantly high stretching of polymer chains that is typically characterized 
by Σ > 5 [53]. These films made up of stretched polymer chains can exhibit properties totally 
different as compared to the properties of the polymer chains in the solution [53].  
 
     For the first time, polymer brushes (or tethered polymers) drew attention in 1950s when it 
was found that grafting polymer molecules to colloidal particles was a very effective way to 
prevent flocculation [54,55,56,57,58,59]. In other words, one can obtain colloidal stabilization 
using polymer brushes [60,61]. Polymer brushes are an important example of polymer-surface 
complex, which has many interesting properties. In recent years, polymer brushes have 
appealed substantial attention and a number of studies have been made to examine the 
structure and novel properties [62,63,64,65,66,67,68]. These covalently bound nanothin 
polymer brush layers are promising material for many other applications such as control of 
adhesion [69,70,71], lubrication [72], liquid crystal displays [73], protein and cell adsorption 
[74], adsorption of molecules [75], chromatographic devices [76] lubricants [77] polymer 
surfactants [50], polymer compatibilizers [50], and chemical gates [78]. Polymer brushes are 
also potential material for creating new materials with reversibly switchable properties 
[79,80]. Surface properties of polymer brushes can be modified by interaction with different 
external stimuli, such as solvent [81], light [82], pH [83], temperature [78], and pressure [84].  
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(a) Flexible homopolymer brush (b) Mixed homopolymer brush
(d) Charged homopolymer brush
(e) Block copolymer brush (f) Liquid crystalline polymer brush
(c) Random copolymer brush
 
Figure 1.12 Classification of linear polymer brushes. 
 
     On the basis of chemical composition of the polymer chains, linear polymer brushes 
tethered on a solid substrate can be classified into four main types: homopolymer brushes, 
mixed homopolymer brushes, random copolymer brushes, and block copolymer brushes 
(Figure 1.12). Homopolymer brushes refer to a film of tethered polymer chains comprising of 
single type of repeat unit. On the other hand, mixed homopolymer brushes are made up of two 
or more types of homopolymer chains [85]. Random copolymer brushes refer to an assembly 
of tethered polymer chains composed of two different repeat units which are randomly 
distributed along the polymer chain [86]. Block copolymer brushes refer to an assembly of 
tethered polymer chains composed of two or more homopolymer chains covalently attached 
to each other at one end [87,88,89]. Homopolymer brushes can be further divided into two 
types: neutral polymer brushes and charged polymer brushes (Figure 1.12). Moreover, they 
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may also be classified into three types on the basis of rigidity of the polymer chain and would 
include flexible brushes, semiflexible brushes and liquid crystalline brushes.  
 
(a) (b) (c)
 
Figure 1.13 Methods of polymer brush synthesis: (a) physisorption, (b) ‘‘grafting to’’, and (c) 
‘‘grafting from’’. 
 
     Polymer brushes can be synthesized mainly by two methods: physisorption and covalent 
attachment. Synthesis pf polymer brushes via physisorption normally involves absorption of 
block copolymers onto a substrate, where one block of the copolymer chain interacts strongly 
with the surface and the other block forms the brush layer (Figure 1.13 (a)) [90]. Much of the 
early work on polymer brushes focused on the brush systems was synthesized by 
physisorption [91,92,93]. The main disadvantage of this synthetic method includes thermal 
and solvolytic instabilities caused due to the non-covalent nature of the grafting. Other 
problems related to this method are poor control over polymer chain density and 
complications in synthesis of suitable block copolymers. The possible solution to some of 
these problems is tethering of the polymer chains to the substrate surface.  
 
     In second method, polymer brushes are synthesized by covalent attachment of polymer 
chains to the substrate by either “grafting to” or “grafting from” techniques (Figure 1.13 (b) 
and Figure 1.13 (c)). In the “grafting to” technique, end-functionalized polymer chains 
undergo chemical reaction with suitable substrate containing complementary functional group 
under appropriate conditions (Figure 1.13 (b)) [94,95]. The advantage of this synthesis is a 
technically simple synthesis and more accurate characterization of preformed polymers used. 
This technique normally gives low grafting density and low film thickness of the polymer 
brushes obtained, since the polymer molecules must pass through the existing polymer film to 
reach the reactive sites on the surface. The steric hindrance for polymer chain tethering 
increases with increase in the thickness of the attached polymer film, which opposes the 
diffusion of chains to the reactive sites. The “grafting from” approach can be used to 
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synthesize thick, covalently tethered polymer brushes with a high grafting density [96]. In the 
“grafting from” technique, initiator molecules are immobilized on the substrate followed by in 
situ surface initiated polymerization to bring forth the tethered polymer brush (Figure 1.13 
(c)). In general, this technique can produce polymer brushes with high grafting density since 
the grafted layer is swollen by the monomer solution that is needed for the growing polymer 
chains. The ‘‘grafting from’’ technique may be limited by initiator surface coverage, initiator 
efficiency, and the rate of monomer diffusion to active polymerization sites. Moreover, the 
‘‘grafting from’’ polymerization may lead to a broader molecular mass distribution due to the 
chain terminating side reactions. 
 
     Mixed polymer brushes are important category of polymer brushes with novel properties. 
Such brushes are consisted of two or more types of polymer chains attached to the substrate. 
Theoretical studies by Marko and Witten about symmetric mixed homopolymer brushes 
under equilibrium melt conditions, suggested that the ‘‘rippled’’ state formed due to lateral 
phase separation should be the one to appear, rather than the ‘‘layered’’ state due to vertical 
phase separation [97]. Experimental and simulation studies have shown that the exposure of 
mixed brushes to a nonselective solvent induced the segregation of different species into 
parallel cylinders (ripple structure), and formation of clusters (dimple structure) on exposure 
to a selective solvent [98,99,100]. According to Zhulina, the brush is composed of an array of 
clusters with an ‘‘onion’’ structure in poor solvent and at low grafting density [101]. The 
phase diagram as a function of composition of binary brushes has been studied [98,100]. It 
was predicted that phase segregation in symmetrical brushes gives a ‘‘ripple’’ structure, while 
asymmetric mixed brushes where minority chains stay away from the grafting plane can lead 
to a layered structure. The morphology of a brush may undergo unusual changes even on very 
small variations in the solvent conditions. It has been found that presence of solvent vapor in 
atmosphere results in reversible transformation of brush like polymers from an extended 
worm-like conformation to a compact globular state [102]. Polystyrene-block-poly(acrylic 
acid) (PS-b-PAA) block copolymer brushes have been reported to show a unique ‘‘crater-
like’’ morphology that could be switched reversibly to ‘‘pinned micellar’’ structures after 
treatment with particular solvents [103].  
 
    Mixed polymer brushes are the important examples of stimuli responsive surfaces 
[104,105]. The switching of surface composition of mixed polymer brushes on treatment with 
solvents selective for either of their component polymers has been demonstrated by contact 
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angle measurements and X-ray photoelectron spectroscopy (XPS) [106]. It was established 
using Cassie equation that top of the brush is consisted of one of the component polymers. 
One of the components swells on exposure to a selective solvent for this component, while 
other component collapses. Hence, top of the brush is composed of the component soluble in 
selective solvent. On treatment with nonselective solvents, both the polymers are on the top. 
The surface composition, and therefore the properties like wettability, roughness, and surface 
energy, of such stimuli responsive surfaces can be changed to the desirable state 
[107,108,109].  
 
 1.2  Motivation and aim 
 
     The invention of new instruments to measure surface topography, adhesion, friction, wear, 
lubricant film thickness, and mechanical properties, on a micro- to nanometer scale and 
availability of supercomputers to carry out atomic-scale simulations has led to evolution of a 
new branch of knowledge known as microtribology or nanotribology [110]. This field is 
associated with experimental and theoretical investigation of processes ranging from atomic 
and molecular scales to microscales, taking place during adhesion, friction, wear, and thin 
film lubrication at sliding surfaces in contact. Micro/nanotribological studies are not only 
critical to study micro- and nanostructures but also worthful in the fundamental understanding 
of interfacial phenomena in macrostructures to provide a bridge between science and 
engineering. The micro/nanoscale investigation of adhesion, friction, and wear is necessary to 
develop fundamental understanding of interfacial phenomena on a small scale and to study 
interfacial phenomena in micro- and nanostructures used in magnetic storage systems, 
microelectromechanical systems (MEMS), and other industrial applications. The components 
employed in micro- and nanostructures are very light and operate under very small loads, 
hence, adhesion, friction, and wear (on a nanoscale) of components are highly dependent on 
the surface interactions (few atomic layers). The scale of operation and large surface-to-
volume ratio of the nano-devices result in very high retarding forces such as friction and 
adhesion that seriously undermine the performance and reliability of the devices 
[111,112,113].  
 
     Polymer brushes are novel materials with many interesting properties. These are potential 
material for variety of applications [69-78]. Properties of the polymer brush surface can be 
tuned by exposure to different external stimuli [78,81-84]. Moreover, polymer brushes can be 
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used to develop the materials with reversibly switchable properties [69-78]. Binary polymer 
brushes are important stimuli responsive surfaces. The surface composition and hence the 
wettability, surface energy, adhesion, friction, and wear of such surfaces can be changed to 
the desirable state [107-109]. Such ‘smart’ surfaces can be used in fabrication of a variety of 
nanoscale devices. Nanoscale investigation of adhesion, friction, and wear on such surfaces is 
important for successful fabrication and operation of the nano-devices made using such 
surfaces. 
 
   The main aim of this thesis was to investigate the adhesion, friction, and wear behavior of 
polymer brush surfaces in contact with other inorganic or polymeric surfaces. The other aim 
was to investigate the effect of switching behavior of chemical composition of binary brush 
surfaces (on treatment with suitable solvents) on the wettability, surface roughness, and hence 
on the adhesion, friction, and wear properties of the surfaces. Moreover, influence of 
humidity, scan velocity of the AFM tip, grafting density, composition gradient of polymer 
brushes, molecular weight (molecular entanglements), applied load, and tip parameters (size, 
shape and status) on adhesion, friction, and wear was investigated. The adhesion, friction, and 
wear behavior of grafted polymer chains (polymer brushes) was compared with the behavior 
of bulk material (spin-coated films). 
 
 1.3  Thesis outline 
 
     This thesis is divided into seven major chapters. In Chapter 1, a basic introduction to 
contact between surfaces, adhesion, friction, wear, and polymer brushes is included. 
Motivation and aim as well as thesis outline are also given in this chapter. Model conceptions 
about the thesis have been highlighted in Chapter 2. Chapter 3 describes the theoretical 
background for different experimental techniques used for this thesis work. The procedures 
and methods used during the work are also given in this chapter. 
  
     Adhesion and friction force studies on PS+P2VP and PS+PAA binary brush systems and 
corresponding monobrushes are given in Chapter 4. The main experimental results obtained 
using AFM and nanoindenter are presented and discussed. In Chapter 5, influence of various 
factors on the adhesion and friction forces between the surfaces is discussed. The wear studies 
on spin-coated films, monobrushes, and binary brushes are discussed in Chapter 6. The 
summary and outlook of this thesis work are given in Chapter 7. 
Chapter 2 
Model Conceptions 
 
     Interaction between surfaces is a very broad field for investigation. In this thesis work, 
adhesion, friction and wear investigation on the spin-coated films as well as binary brushes 
and monobrushes have been reported. However, before the actual work is presented, it is 
crucial to understand the important parameters which influence the adhesion, friction, and 
wear of polymer surfaces/brushes. These important parameters of the two surfaces in contact 
can be either qualitative in nature such as chemical nature of the polymeric chains and the 
roughness of the surface, or can be quantitative such as size of the probe, molecular weight of 
the polymer, grafting density, etc. Moreover, the most crucial aspect of the brush surface 
which we expect to significantly influence the adhesion, friction, and wear behavior and 
which motivated this thesis work is its responsive nature. A very basic idea about all these 
fundamentals of this thesis has been provided in the present chapter.  
 
2.1  Influence of experimental parameters 
 
2.1.1  Scale – radius of curvature 
     The adhesion and friction studies on different brush samples have been carried out using 
different scales of probe size. Probes used for the investigation of sample surfaces are: sharp 
silicon nitride (Si3N4) tip, colloidal probes (with bare silica sphere as well as spheres with 
surface modified with PS and PAA brushes), and nanoindenter probe (with glass sphere). The 
radius of curvature for Si3N4 tip, colloidal probes, and nanoindenter probes are ∼ 20 nm, 5 
µm, and 1000 µm, respectively. The schematic diagram of these probes is presented in Figure 
2.1. Atomic force microscopy (AFM) has been used to carry out nanoscale force studies using 
sharp Si3N4 tip and colloidal probes, while nanoindenter has been used for macroscale force 
studies. The friction force measurements with Si3N4 tip and colloidal probes have been 
performed over the same range of applied load (0 – 50 nN). At same applied load, higher 
contact pressure is expected in case of sharp Si3N4 tip due to smaller area of contact as 
compared to that for the colloidal probes with larger contact area with the surface. Hence, 
higher normalized friction force (obtained by dividing with tip radius) is expected for sharp 
Si3N4 tip which provided larger contact pressure as compared to that for the colloidal probes. 
Moreover, in case of adhesion and friction force measurements carried out using colloidal 
probes modified with PS and PAA brushes on the surfaces, interpenetration of polymer 
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chains into opposing surfaces is expected. This interpenetration of the polymer chains 
increases the adhesion and friction forces significantly [114]. 
 
R = 1000 µm
Nanoindenter probe
Tip radius (R)  ∼ 50 nm
Sharp Si3N4 probe
R = 5 µm
Colloidal probes
 
Figure 2.1 Schematic diagram showing different probes used for the adhesion and friction 
force measurements. 
 
     All the nanoscale wear studies have been carried out using contact mode AFM with Si3N4 
tip (Figure 2.1). Sharp Si3N4 tip sliding (providing single asperity contact) on the polymer 
surface is responsible for different extent and mechanism of nanowear developed on the 
polymer surfaces. On the other hand, macroscale wear studies have been carried out using 
nanoindenter where probe and the surfaces are in contact at large number of asperities and 
overall wear effect is averaged. In nanowear experiments, scanning tip may become blunt 
during course of the scanning due to damage or attachment of broken chain segments to the 
tip. Such a blunt tip exerts lower contact pressure on the surface as compared to the sharp tip 
at start of the wear experiment. Thus this lowering of contact pressure applied on the surface 
should also affect the wear process.  
 
     The tip/surface interface changes with change in the size of the tip. The change in the tip 
size affects the adhesion and friction forces between the surfaces due to change in the contact 
area and meniscus forces [115,116]. The total meniscus forces contribution to the adhesion 
and friction forces on the polymer surfaces increases with increase in the relative humidity 
of the surfaces [117]. Moreover, speed of the scanning tip also affects the friction and wear 
on the surface [118]. 
 
 
 
Model Conceptions 
 25 
2.1.2  Roughness 
     When two solid surfaces come into dry contact, the contact takes place only on high 
asperities due to surface roughness. Hence, the total area of all the contact points is only a 
small fraction of the apparent area of contact. This real area of contact is dependent on 
roughness and mechanical properties of the surfaces in contact. Adhesion and friction are 
higher for the smoother surface providing the larger contact area as compared to that for the 
rougher surface providing the smaller contact area [119]. In present studies, the roughness of 
the polymer brush surfaces as well as roughness of the counter surface provided by the probes 
is expected to influence the adhesion and friction forces. 
 
2.1.3  Preparation techniques 
     Polymer surfaces used for investigation in this work have been prepared by spin-coating 
as well as by grafting of polymer chains to the surface. Polymer layers prepared by spin-
coating of polymers from their solution are quite thick (∼ 100 nm) and represent the bulk 
polymeric material. On the other hand grafted polymer layers are prepared by attachment of 
polymer chains to the substrate surface by chemical bonding using compatibilizer/connecter 
molecules. Such polymer layers are commonly known as polymer brushes. The basic 
difference between two methods is regarding the stability of the polymer layers towards 
mechanical stress applied on the surface. In general, polymer layers obtained by grafting of 
polymer chains are more stable as compared to spin-coated films. It is because of the extra 
stability obtained due to attachment of one of the chain ends to the surface in case of polymer 
brushes, which resists the movement or deformation of polymer chains. On the other hand, 
both the chain ends are free in bulk material (spin-coated films), and hence chain can easily be 
pulled away. 
 
2.2  Systems studied 
 
2.2.1  Bulk 
     Adhesion, friction, and wear have been investigated on spin-coated as well as grafted 
polymer layers. Spin-coated films of polystyrene (PS) and poly(2-vinyl pyridine) (P2VP) 
have been studied to compare the properties of polymer chains grafted on the surface 
(polymer brushes) with nongrafted polymer chains. Spin-coated films of poly(acrylic acid) 
(PAA) cannot be prepared for study as hydrolysis of poly(t-butyl acrylate) (PtBA) was 
necessary to obtain PAA chains and during hydrolysis spin-coated polymer chains are 
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removed from the surface by the solvent. The structure of the PS, P2VP, and PAA polymer 
chains used for preparation of all spin-coated and polymer brush sample surfaces is given in 
Figure 2.2. As could be observed from the Figure 2.2, PS, P2VP, and PAA chains contain 
phenyl, pyridine, and carboxylic acid side groups, respectively. These groups are responsible 
for the different nature of these polymers. PS chains are hydrophobic in nature, while other 
P2VP and PAA are hydrophilic in nature. Hydrophilicity of the sample surface is an 
important parameter which is closely associated with the adhesion and friction forces. The 
adhesion and friction forces between the tip and the sample surface are related to the wear on 
the surface [120]. Hence, different adhesion, friction, and wear behavior are expected for 
different spin-coated films. 
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Figure 2.2 Structural formula of different polymer chains used for sample preparation: (a) 
polystyrene, (b) poly(2-vinyl pyridine), and (c) poly(acrylic acid). 
 
     Furthermore, molecular weight and hence molecular entanglements affect the wear 
properties of the polymer surfaces significantly [121]. The average molecular weight 
between the entanglements (Me) and the critical molecular weight (Mc) above which onset 
of molecular entanglements occur are different for different polymers [122]. Hence, extent of 
molecular entanglement in spin-coated polymer surfaces containing different polymer chains 
should also affect the nanowear on the surfaces.   
 
2.2.2  Monobrushes 
     The other systems studied are nanothin layers of PS, P2VP, and PAA monobrushes. The 
adhesion, friction, and wear investigations have been carried out on these monobrush surfaces 
to discuss and analyze the results obtained for the binary polymer brushes. The monobrush 
surfaces have been treated with the selective solvents and dried with nitrogen, just before 
experiments. The PS, P2VP, and PAA monobrush surfaces have been treated with toluene, 
ethanol, and pH 10 water. Similar to spin-coated films, adhesion, friction, and wear on the 
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monobrushes are also influenced by hydrophilicity and molecular entanglements on the 
surface. 
 
2.2.3  Binary brushes 
     In this thesis work, mainly two types of binary polymer brush systems have been 
investigated: PS+P2VP and PS+PAA binary brushes. Both the binary brushes were consisted 
of two incompatible polymers. PS+P2VP brushes consists of PS and P2VP polymer chains, 
whereas PS+PAA brushes consists of PS and PAA polymer chains. Similar to monobrush 
surfaces, binary brush surfaces have also been treated with suitable selective solvents. In case 
of PS+P2VP binary brushes, toluene has been used as the selective solvent for PS chains, 
while ethanol and pH 2 water have been used as the selective solvents for P2VP chains. 
Similarly, for PS+PAA binary brushes, toluene has been used as the selective solvent for PS 
chains, while ethanol and pH 10 water have been used as the selective solvents for P2VP 
chains.  
 
     It is well known that chemical composition of binary brush surfaces can be switched by 
treatment with suitable selective solvent [123]. The mechanism of the switching behavior of 
binary polymer brushes is schematically illustrated in Figure 2.3, using the example of 
PS+P2VP brushes. When PS+P2VP brushes are treated with toluene (selective solvent for 
PS), PS chains are swollen and stretched away from the surface to preferentially occupy the 
top of the layer, while P2VP chains collapse on the bottom (Figure 2.3). On the other hand, 
when the mixed brushes are treated with ethanol or pH 2 water (selective solvent for P2VP), 
PS chains collapse at the bottom, while P2VP chains are swollen and hence stretched away 
from the surface to occupy the top layer (Figure 2.3). Hence, PS+P2VP brush can be switched 
by treatment with different selective solvents. The treatment with acidic (pH 2) water 
protonates the P2VP chains and keeps it in salt form for several hours after drying the surface 
with nitrogen [124]. Switching behavior of the PS+PAA binary brushes can also be 
understood in a similar way. In this case, the treatment with pH 10 water dissociates the 
carboxylic group of PAA [125]. 
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Toluene
Ethanol
pH 2 water
drying
PS P2VP
drying
PS P2VP
 
Figure 2.3 Schematic diagram showing switching behavior of mixed polymer brushes on 
treatment with different selective solvents. Polymer chains are collapsed on drying the brush 
samples. 
 
      All the force measurements have been carried out on the samples with collapsed polymer 
chains after drying with nitrogen (Figure 2.3). Such a surface with collapsed chains is rich in 
one type of polymer chains depending on the selective solvent used during the solvent 
treatment. Therefore, the switching of chemical composition of the binary brush surface 
affects the wettability, roughness and hence adhesion, friction, and wear on the dried binary 
brush surface. Moreover, adhesion and friction on the binary brushes are also influenced by 
molecular entanglements and chemical composition of the top of the surface. 
Chapter 3 
Experimental Techniques and Procedures 
 
3.1  Characterization techniques  
 
3.1.1  Ellipsometry 
     Ellipsometry is a versatile and powerful optical technique for measuring the thickness and 
optical properties of thin films of material. It is a non-destructive optical method for 
characterization of thin films at the solid substrates. Linearly polarized light after reflection 
from the surface of a material becomes elliptically polarized. The degree of ellipticity is 
determined by the optical properties of the solid being probed. Instrument measures the shape 
of this polarization ellipse, hence it is known as ellipsometry. It is mainly used in 
semiconductor research and fabrication to determine properties of layer stacks of thin films 
and the interfaces between the layers. 
 
     The analysis is dependent on Snell's Law. A beam of light is striking the sample surface at 
an arbitrary angle of incidence (θi). The angle of incidence is the angle between the input 
beam direction and the direction normal to the sample surface. When a beam of light strikes at 
the boundary of medium, a part of the light will reflect at an angle θr, while other part transmit 
through the sample at an angle θt. According to Snell’s law, all the three beams remain in the 
plane of incidence. The plane of incidence is a plane which contains the incidence beam and 
reflected beam.  
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Figure 3.1 Principle of an ellipsometry. 
 
Experimental Techniques and Procedures 
 30 
     Ellipsometry measures changes in the state of polarization of the light reflected from the 
film surface. The basic principle of the ellipsometry has been illustrated in Figure 3.1. The 
measured values are expressed as phase parameter (Ψ) and amplitude parameter (∆). The 
values Ψ and ∆ are the ellipsometric angles, which are directly obtained from an ellipsometric 
experiment. The monochromatic light emitted by a laser is polarized by a polarizer (P) 
(Figure 3.1). After reflection from the sample surface, the change of phase between s and p 
components of light depends on the thickness and refractive index of the sample (Figure 3.2). 
As a result, an ellipse with the parameters a, b, and α is formed vertically with respect to 
propagation of light (Figure 3.2). The p-s coordinate system is used to describe the ellipse of 
polarization. The s-direction is taken to be perpendicular to the direction of propagation and 
parallel to the sample surface. The p-direction is taken to be perpendicular to the direction of 
propagation and contained in the plane of incidence. The parameters (a, b, and α) can be 
determined by using a rotating analyzer (A). The intensity of light at different positions of the 
analyzer is measured by a detector (D) connected to a computer. Therefore, the positions of 
the polarizer and analyzer at the maximal and minimal intensities are measured. Ellipsometry 
measures the ratio of Rp and Rs, which is described by the fundamental equation of 
ellipsometry [126]   
 
                                                    Rp/Rs = tan(ψ)ei∆                                                           (3.1) 
 
Where Rp and Rs are the amplitudes of the polarized and reflected light beams along s and p 
coordinates. Thus, tanΨ is the amplitude ratio upon reflection, and ∆ is the phase shift. 
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Figure 3.2 Schematic setup of an ellipsometry experiment. 
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     For proper working of ellipsometry, the layers must be optically homogeneous, have 
identical molecular structure in all directions, and reflect significant amounts of light. 
Simultaneous determination of thickness and refractive index with high reliability can be 
performed with ellipsometer for the films with thickness higher than 20 nm. For the thin 
layers of few nanometers thick the change of the Ψ and ∆ relative to the bare substrate is 
small, what makes impossible parallel determination of the refractive index and the thickness 
of the film [127]. Hence, in case of thinner films, determination of film thickness was made 
by using the refractive index for the given material for thicker films or from the literature. 
 
     In the present work, layer thickness of GPS and grafted polymers was determined at λ = 
632.8 nm and an angle of incidence of 70° using a SENTECH SE-402 microfocus 
ellipsometer. The light source was a He-Ne laser producing monochromatic red light. 
Measurements were carried out for the samples after each step of modification. Refractive 
indices used for the calculations were N = 3.858-i0.018 for the silicon substrate and n = 
1.4598 for the silica layer. The thickness of the GPS layer was determined using a two-layer 
model using a refractive index n = 1.429 for GPS. The thickness of a first grafted layer (PS, 
P2VP, or PAA) was determined using a three-layer model using n = 1.590 for PS, n = 1.595 
for P2VP, and n = 1.527 for PAA.  Three-layer model was used for the mixed brush where 
SiO2 and GPS layers were considered as effective optical medium with n = 1.443.  
 
3.1.2  Contact angle measurements 
     The contact angle is defined as the angle at which a liquid/vapor interface meets the solid 
surface. The contact angle is specific for any given system and is determined by the 
interactions across the three interfaces. Contact angles are mostly measured by aligning a 
tangent with the profile of a sessile drop at the contact point with the solid surface. 
 
    Various methods have been developed to determine the contact angles of the liquid drops. 
Drop shape analysis is one of the commonly used ways to determine the contact angles. There 
are three main assumptions in this method: it is assumed that the drop is symmetric about a 
central vertical axis and it is not in motion in the sense that viscosity and inertia are playing a 
role in determining its shape. It means that the interfacial tension and gravity are the only 
forces shaping the drop of the liquid. The third assumption is that the solid surface is without 
any roughness and surface tension of this surface is isotropic and constant. 
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     Study of contact angles (θ) gives a clear idea about the wetting or non-wetting of a solid 
surface by a liquid. In Figure 3.3, contact angle is the angle between the tangent plane to the 
surface of the liquid and the tangent plane to the surface of the solid, at any point along their 
line of contact. Three types of equilibrium wetting regimes depending on the drop surface 
interaction can be distinguished as shown in Figure 3.3. If a water droplet is very strongly 
attracted to the solid surface, the droplet will completely spread out on the solid surface and 
the contact angle between a liquid and a solid surface is 0° (Figure 3.3 (a)). Such situation is a 
state of complete wetting of the solid. A substrate having such characteristics is known as a 
highly hydrophilic substrate [128,129,130]. Generally, substances showing water contact 
angles up to 90° are known as hydrophilic substances (Figure 3.3 (b)). Partial wetting of the 
solid surface occurs in such cases. If the solid surface shows the water contact angles larger 
than 90°, it is known as the hydrophobic surface (Figure 3.3 (c)). Such a state is called as non-
wetting and liquid tends to ball-up to run off the surface. Highly hydrophobic surfaces have 
water contact angles as high as 150° or more. On such surfaces, water droplets simply rest on 
the surface, without actually wetting to any significant extent. These surfaces are known as 
superhydrophobic surfaces. 
 
 
Figure 3.3 Different types of wetting phenomenon of a water droplet in contact with a solid 
surface: (a) completely wetted surface, (b) partial wetting, and (c) non-wetting.  
 
     The measurement of a single static contact angle to characterize the interaction is not 
adequate. For any given solid/liquid interaction, a range of contact angles may be found. The 
values of static contact angles are found to depend on the recent history of the interaction. 
When the drop has recently expanded the angle is said to represent the ‘advanced’ contact 
angle. When the drop has recently contracted the angle is said to represent the ‘receded’ 
contact angle. If the three-phase (liquid/solid/vapor) boundary is in actual motion the angles 
produced are called dynamic contact angles and are referred to as ‘advancing’ and ‘receding’ 
angles. The difference between ‘advanced’ and ‘advancing’, ‘receded’ and ‘receding’ is that 
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in the static case motion is incipient while in the dynamic case motion is actual. Dynamic 
contact angles may be analyzed at various rates of speed. The difference between the 
maximum (advanced/advancing) and minimum (receded/receding) contact angle values is 
called the contact angle hysteresis. 
 
     The wetting of the surface by a liquid droplet is determined by the interplay of interfacial 
tension of the liquid-vapor, the solid-vapor, and the solid-liquid interfaces (γLV, γSV, γSL). The 
actual contact angle is determined by the geometrical sum of three forces applied to the three 
phase contact line between liquid, solid, and vapor. The balance between the forces along the 
three phase boundaries is defined by the Young’s equation (Figure 3.4) 
 
                                            γLV cos θ = γSV − γSL                                                                              (3.2) 
 
 
 
Figure 3.4 Balance of interfacial tensions between solid, liquid, and vapor giving the 
equilibrium contact angle. 
 
     Shape of a liquid drop in the case of partial wetting is determined by a combination of 
surface tension and gravity effects. Gravity tends to flatten a sessile drop or to elongate a 
pendant drop, however surface forces tend to make drops spherical. The shape of the drop is 
determined by the Laplace equation of capillarity 
 
                                                ∆P = γ (1/r1 + 1/r2)                                                                (3.3) 
 
where ∆P is the pressure difference across a liquid-fluid interface with interfacial tension γ 
and r1 and r2 are the principal radii of curvature. 
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     Various scientists have described contact angle on a heterogeneous surface using different 
equations. Cassie’s law describes the apparent contact angle (θ) for a liquid on a composite 
surface [131]. According to this law, cosine of the apparent contact angle is a linear 
combination of the cosines of individual components with respect to the composition     
 
                                        cos θ = ϕ1 cos θ1 + ϕ2 cos θ2                                                       (3.4) 
 
where θ1 is the contact angle for first component with fraction ϕ1 and θ2 is the contact angle 
for second component with fraction ϕ2. 
 
     Young's equation applies to the ideal surfaces which are perfectly smooth and free of all 
chemical and structural inhomogeneities. But in reality, all the surfaces have some finite 
roughness. The contact angle measured on a rough surface (called the Wenzel angle, θw) does 
not obey Young's equation. The relation between θw and equilibrium Young’s angle (θ) is 
given by the Wenzel’s equation [132]  
 
                                                   cos θw = r cos θ                                                                  (3.5) 
 
where r is the ratio of the true wetted area to the geometric area. Wenzel's equation applies to 
equilibrium angles on rough surfaces and not to advancing and receding angles of a droplet on 
a rough solid surface. 
 
     Contact angle measurements were carried out to study the wetting behavior of the polymer 
brush surfaces. Advancing contact angles of water drops were measured at ambient conditions 
by contact angle analyzer (Krüss, Model DSA*10) using tangential method. Contact angles 
were measured using drop shape analysis software. Each sample was dipped in corresponding 
selective solvent for 10 min and dried with nitrogen stream before measurement.  
 
3.1.3  X-ray photoelectron spectroscopy 
     X-ray photoelectron spectroscopy (XPS) is a popular quantitative spectroscopic technique 
to study the composition and electronic state of the surface region of a sample. Photoelectron 
spectroscopy involves photo-ionization and energy-dispersive analysis of the emitted 
photoelectrons from the sample surface. XPS is an important technique for surface analysis of 
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polymers including surface modification, polymer chain mobility, degradation, chemical 
reactions, and biocompatibility [133,134]. 
 
     X-ray photoelectron spectroscopy is also known as electron spectroscopy for chemical 
analysis (ESCA) because this technique provides a quantitative analysis of the surface 
composition of the sample. It is extensively used technique to investigate the chemical 
composition of polymer surfaces. This technique is based on the photoelectric effect on the 
surfaces to obtain information about the elemental and functional group composition as well 
as about the oxidation state. A typical XPS experiment involves irradiation of the sample 
surface with X-rays with energy (hν) higher than the binding energy of the electrons (BE). 
These electrons ejected from the sample surface with certain kinetic energy (KE) are known 
as photoelectrons. The kinetic energy of the photoelectrons is related to the binding energy 
and energy of the incident beam by following relation 
 
                                           hν = BE + KE                                                                           (3.6)  
 
where h is the Planck constant and ν is the frequency of the incident beam. The kinetic energy 
distribution of the emitted photoelectrons (i.e. the number of emitted photoelectrons as a 
function of their kinetic energy) can be measured using any appropriate electron energy 
analyzer and a photoelectron spectrum can thus be recorded. A schematic representation of 
the XPS process is given in Figure 3.5. 
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Figure 3.5 Schematic representation of the XPS process. 
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     The most commonly employed X-ray sources are Kα1,2 radiation of Magnesium (hν = 
1253.6 ± 0.35 eV) and aluminium (hν = 1253.6 ± 0.45 eV). XPS can be used at different 
incident angles to obtain the information from 1 – 10 nm depth of the sample surface. If an 
electron is emitted from a deeper layer of the sample, it will lose its information due to energy 
loss due to collisions within the solid material and will only contribute to the XPS 
background. Therefore, the sampling depth d in XPS is usually defined as d = 3λcosθ, where 
θ represents the angle between the surface normal and the electron detector. This means that 
measurements can be made more sensitive to the outer surface region by increasing θ, and 
thus decreasing the actual probing depth. 
  
     Elements on the surface can be distinguished by their binding energy, which depends on 
the oxidation state and chemical environment. There are some problems related to the XPS. 
The polymer samples may become positively charged during the measurement, since 
photoelectrons ejects from the sample surface. Due to this positive charge generated on the 
sample, all XPS peaks in the spectrum shift to apparently higher binding energies. Therefore, 
calibration of the process is necessary. Moreover, organic polymers are damaged during XPS 
by the impact of photoelectrons and secondary electrons generated from them [135,136]. This 
gives rise to the generation of free radicals, which react to give various products like 
crosslinked structures. Acquisition time must be limited to minimize the polymer degradation 
[137]. 
 
     In present study, AXIS ULTRA spectrometer (Kratos Analytical, England) was used for 
the XPS measurements. X-ray source used was mono-Al Kα1,2. Power of the x-ray source 
was 300 W at 20 mA. Analyzer pass energy was 160 eV for survey spectra and 20 eV for 
high-resolved spectra. The charge compensation was switched on during the measurements. 
All spectra were formally charge-compensated using the C 1s peak of the saturated hydrocar-
bons as reference (BE = 285.00 eV). 
 
3.1.4  Atomic force microscopy 
     Atomic force microscopy (AFM) is a scanning probe technique that measures the 
interaction forces between the probe and the sample surface. Van der Waals, friction, 
electrostatic, and magnetic forces are the examples of the interaction kinds, which can be 
probed with AFM [138]. It is a high-resolution imaging technique that can resolve features as 
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small as an atomic lattice in the real space. It allows researchers to observe and manipulate 
molecular and atomic level features. 
 
     Principle of the AFM is represented in Figure 3.6. In this technique a sharp tip positioned 
on a reflective cantilever is scanned in a raster-pattern along a surface. A laser beam is 
focused on the back of a cantilever. The change in the cantilever deflection during scanning of 
the sample surface by the tip is monitored with a split photodiode detector. The photodiode 
detector measures the difference in light intensities between the upper and lower photo 
detectors, and then converts to voltage. AFM can be operated in constant force mode or in 
constant height mode using the feedback from photodiode difference signal. In the constant 
force mode, positioning piezo respond to any changes in force which are detected, and alter 
the tip-sample separation to restore the force to a pre-determined value. In the constant height 
mode the cantilever deflection force caused by the interaction with the sample is recorded. 
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Figure 3.6 Schematic of an AFM technique. 
 
     There are three primary modes of AFM based on the tip/sample interaction: contact mode, 
tapping mode, and non-contact mode. In the contact mode, the tip and the surface remain in 
close contact during the scanning. In this mode, probe is sensitive to the forces acting 
perpendicular (normal forces) as well as parallel (lateral forces) to the sample surface. A 
typical force calibration curve obtained using contact mode is given in Figure 3.7 (a). In 
contact mode, bending of the cantilever on during interaction with surface is given by the 
Hook’s law, F = k z, where F, k, and z are the applied force, the cantilever spring constant, 
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and cantilever deflection, respectively. One problem with contact mode is the distortion of the 
features in the image due to large lateral forces acting on the sample surface. Therefore, the 
amount of applied force used for sample scanning is minimized by using probes with low 
spring constants (k < 1 N/m) [139]. 
 
 
Figure 3.7 (a) A typical force calibration curve obtained using contact mode. (b) Typical 
friction trace and retrace, determined by AFM. 
 
     When a tip moves on the surface in contact mode, torsion of the cantilever is proportional 
to the frictional force between two surfaces in the contact. Figure 3.7 (b) shows a typical 
friction loop obtained with an AFM. In this loop, left to right (forward) direction is defined as 
Trace (T) and the right to left (backward) direction as Retrace (R). The larger the separation 
between the friction trace and retrace (TMR), the larger the friction force [140]. From Figure 
3.7 (b), it can be noticed that the sign of the friction signal is reversed for the Retrace scan 
compared to that of the Trace scan, which is due to the reversal of the torque applied to the 
end of the tip when the scanning direction is reversed. So, peaks in two-dimensional friction 
voltage signal correspond to high friction for Trace data and low friction for Retrace. Lighter 
regions in the Trace friction image correspond to higher values of friction force while in the 
Retrace image, lighter regions correspond to lower friction force.  
 
     In the tapping mode AFM, the cantilever is oscillated at or near its resonance frequency 
with amplitude ranging typically from 20 to 100 nm. By maintaining constant oscillation 
amplitude, a constant tip-sample interaction is maintained during imaging. The tip is 
positioned above the sample surface such that it taps the surface for a very small fraction of 
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its oscillation period. This mode allows high resolution topographic imaging of sample 
surfaces that are easily damaged or loosely hold to their substrate. 
 
     In the non-contact mode AFM, the cantilever is oscillated at a frequency that is slightly 
above the cantilever’s resonance frequency and the amplitude of cantilever oscillations is < 10 
nm. The cantilever must be oscillated above the surface of the sample at such a distance that 
we are no longer in the repulsive regime of the inter-molecular force curve. This is a very 
difficult mode to operate in ambient conditions with the AFM due to the thin layer of water 
contamination on the surface which invariably form a small capillary bridge between the tip 
and the sample and cause the tip to "jump-to-contact". This problem exists even under liquids 
and in vacuum, hence imaging is most probably done using tapping mode. 
 
     Roughness analysis can be performed on the image captured by AFM using different 
programs used for AFM image analysis. Different roughness measurements which could be 
performed on the AFM image are root mean square (rms) roughness, mean roughness (Ra), 
and maximum roughness (Rmax). Rms roughness is the standard deviation of the heights at 
different points in the given area. Ra is the average of the deviations from the center plane, 
while Rmax is the difference in the heights of the highest and lowest points on the surface 
relative to the mean plane. 
 
     In the present study, AFM was employed for number of purposes. Topography and surface 
roughness, adhesion, friction, and wear of polymer brush surfaces were investigated using 
AFM. All these studies were carried out using a commercial atomic force microscope 
Nanoscope IV (Digital Instruments, Santa Barbara, CA, USA). 
 
Topography and surface roughness. Topography and roughness of the surfaces usually has a 
significant influence on the adhesion and friction behavior on the micro/nanoscale. So, root 
mean square (rms) surface roughness of different sample surfaces under investigation was 
determined from the topography images of the surfaces captured by scanning 2 x 2 µm2 area 
using the AFM in tapping mode. Samples were investigated immediately after treatment with 
selective solvent (for 10 min) followed by drying with nitrogen. Silicon cantilevers were 
employed for this purpose. Scan rate was kept constant at 0.6 Hz for all the measurements.  
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     Roughness of the surface is measure of the wear on the surface caused by scanning tip 
during different wear experiments. Hence, rms roughness of brush samples was also 
determined at different stage of nanowear investigation from the topography images obtained 
in contact mode. For the modified brush surfaces, roughness was determined from the central 
2 × 2 µm2 area where scanning was carried out during the wear experiments. 
 
Adhesion and friction force measurements. Adhesion and friction force studies were carried 
out on the monobrushes (PS, P2VP, and PAA) as well as on binary polymer brushes 
(PS+P2VP and PS+PAA). Silicon tips, Si3N4 tips, and colloidal probes were used for the 
adhesion and friction force studies. A detailed discussion about the fabrication and calibration 
of colloidal probes has been given later in this chapter. AFM measurements were carried out 
immediately after treatment of the samples with different selective solvents and drying by 
exposing to nitrogen flow. The environment of the surface force laboratory was strictly 
controlled at 21 °C and 40 % relative humidity. The results presented here are average of the 
data obtained for several brush samples from same batch.  
 
      For adhesion force measurements, numbers of force calibration curves were captured on 
different parts of the surface for each of the sample. A typical force curve obtained using 
AFM is given in Figure 3.7 (a). Velocity of tip-approach to the sample surface and maximum 
applied load were kept constant for each measurement. It was difficult to maintain the same 
maximum load (during capture of force calibration curves) for all the tips due to the different 
spring constants and deflection sensitivities (due to different adjustment of cantilever in the 
cantilever holder) for the different probes. Adhesion force was calculated using Hook’s law 
i.e. by multiplying spring constant (k) of the cantilever by cantilever deflection at the jump 
out point [110,141]. 
 
      Friction force was measured under different loads between 0 nN - 50 nN using a 90° scan 
angle and 2 µm scan size, for all the probes. A scan speed of 1.5 Hz was used. Slow scan axis 
was disabled during the capture of friction loops (Figure 3.7 (b)). The friction voltage signal 
(half of the difference between Trace and Retrace scans) was converted to units of force using 
a conversion factor based on the Ruan and Bhushan’s method [110,142]. Based on this 
method, the AFM tip was traced and retraced across the single-crystal silicon (rms roughness 
< 0.1 nm) in parallel direction. The plot of ‘‘Trace minus Retrace (TMR)’’ value versus 
average piezo centre position resulted in a linear fit. Slope (δ) of this line was related to 
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coefficient of friction between the tip and sample surface by µ′ = δ (L/2h) [143], where µ′ was 
coefficient of friction, L was length of the cantilever, and h was height of the cantilever. After 
determination of coefficient of friction, tip was scanned perpendicular to the cantilever axis, 
for different normal loads. A graph was plotted between lateral deflection signals obtained 
versus normal load. A conversion factor kf  (in nN/V) of the cantilever was obtained by 
equating the slope of this plot with the coefficient of friction (µ′) obtained previously. This 
conversion factor kf  was used to convert the friction voltage signal to force units. Different 
values of conversion factor kf   were obtained for different type of cantilevers.  
 
     The coefficient of friction of materials (µ) is defined by the Amonton’s law [15], according 
to which µ is equal to the ratio of friction force applied to a probe, to the normal force applied 
to a probe. Hence, slope of the plot between friction force and normal force provided the 
coefficient of friction.   
 
     Friction force measurements were also performed to investigate the dependence of friction 
on scan velocity as well as grafting density and composition gradient of polymer brushes, 
under different loads between 0 nN - 50 nN. These experiments were carried out using silicon 
nitride tip. The velocity dependence studies were carried out on all the mono- as well as 
mixed brush samples between sliding velocity of 10 µm/s and 1000 µm/s. A scan size of 10 
µm was used for the measurements. For grafting density as well as composition gradient 
dependence studies, scan size and scan rate were maintained at 2 µm and 1.5 Hz respectively. 
Grafting density dependence of friction was performed on different monobrush samples with 
varying grafting density (between 0.02 – 0.13 nm-2). Composition gradient dependence of 
friction was investigated on gradient polymer brush samples of the size 6 x 2 cm2, 
immediately after treatment with solvents (toluene, ethanol, pH 2 water, and pH 10 water) and 
drying with nitrogen.  The percentage of the hydrophilic content (P2VP or PAA) in the mixed 
gradient brushes varied from 10 % on one end of sample to 93 % on the other end. 
 
Humidity dependence studies. Humidity dependence of adhesion and friction forces was 
investigated for all the binary and monobrush surfaces after treatment with selective solvents. 
For this purpose, adhesion force and friction coefficient were measured on the brush surfaces 
at different relative humidities of 5, 20, 40, 60, and 80 %. All the parameters used for the 
measurements were same as used for the adhesion and friction measurements at 40 % relative 
humidity as discussed earlier. All the measurements were carried out by a commercial atomic 
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force microscope Multi Mode (Digital Instruments, Santa Barbara, CA, USA) using Si3N4 tip 
in a closed chamber. Ratio of dried and humid nitrogen flowing through the closed chamber 
was controlled in order to vary the relative humidity of the experimental environment in a 
controlled manner. 
 
Nanowear experiments. Nanowear studies were carried out on the monobrushes as well as on 
binary polymer brushes. Polymer brush samples were imaged as well as wear experiments 
were performed using silicon nitride probes (NANOPROBE Type-DNP, DI Nanoprobes) in 
the contact mode. All the wear experiments were performed in controlled environment at 21 
°C and 40 % relative humidity. Wear analysis on the mono- as well as on mixed-polymer 
brushes was carried out in three steps referred as “wear experiments”, immediately after 
treating the brush samples with different selective solvents for 10 min and drying with 
nitrogen. First of all, polymer brush surfaces were imaged using contact mode AFM at lowest 
force possible. The scan size used was 4 × 4 µm2. After that, three wear experiments were 
performed in a series by scanning an area of 2 × 2 µm2 at a scan velocity of 40 µm/s and 
normal load of 8 nN. Each wear experiment consisted of 25 scans. After each wear 
experiment, scan area was zoomed out to 4 × 4 µm2 and modified polymer brush surfaces 
were imaged with lowest force possible. After imaging the modified surface, scan area was 
zoomed in to 2 × 2 µm2 to perform the next wear experiment. Same series of wear 
experiments were repeated several times for each brush sample to check the reproducibility of 
the wear pattern obtained. The scan angle was 90° to the cantilever axis for all the wear 
experiments as well as for imaging of samples. 
 
    Experiments to study the load and scan speed dependence of wear were carried out on 
polymer surfaces after drying the solvent treated samples. Load dependence studies were 
carried out by scanning brush surface area of 2 × 2 µm2 for 25 scans at loads of 8 and 32 nN. 
Scan velocity of the tip was kept constant at 40 µm/s. Moreover, speed dependence of wear 
process was studied by scanning the monobrush surfaces (2 × 2 µm2) for 25 scans at scan 
speeds of 40 and 100 µm/s. A normal load of 8 nN was used for these experiments. Brush 
surfaces were imaged using contact mode AFM at lowest force possible. 
 
3.1.5  Nanoindenter 
     Nano Indenter G200 (MTS Nano Instruments) is the most advanced platform for exploring 
material properties at the nano and micro scales. Its state of the art motion system speeds 
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sample output without sacrificing accuracy. It is a flagship instrument for performing 
nanoindentation experiments. However, its capabilities extend to other modes of testing such 
as mechanical probing, scratch testing and nanomechanical microscopy. One can perform a 
variety of different tests using a Nano Indenter G200 system with unique levels of control. 
Figure 3.8 shows the Nano Indenter G200 platform. 
 
     All nanoindentation measurements made in instrumented indentation testing are derived 
from the fundamental load and displacement data, requiring the utmost control of load applied 
to the sample. Nano Indenter G200 system from MTS is powered by electromagnetic 
actuation-based force transducers, eliminating any possibility for drift in force. Current 
passing through the coil drives the indenter shaft downward while a capacitance gauge 
measures displacement. Dual leaf springs, separate from the capacitance gauge, hold the 
indenter column stable and eliminate the possibility of lateral excursions. These advantages in 
design enable the Nano Indenter G200 system to deliver supreme accuracy and repeatability 
of calculated properties.  
 
 
Figure 3.8 NANO Indenter G200 platform. 
 
     The Nano Indenter G200 system may also be used in either quasistatic or dynamic mode. 
Quasi-static mode calculates properties at the maximum penetration depth, delivering a single 
value for stiffness. In dynamic mode, the Continuous Stiffness Measurement (CSM) 
technique is applied to record stiffness data along with load and displacement data as a 
continuous function of depth. With the CSM technique, hardness and Young’s modulus may 
be calculated at every data point acquired during the experiment. Such capabilities offer 
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valuable information for test samples such as thin films, coatings and other surface 
treatments. 
 
     When configured with two force transducers and a high load device, the Nano Indenter 
G200 system is capable of applying forces that range from a few microNewtons up to 10 N. 
This nanoindenter system offers a technique for dynamic testing at this scale. Users need to 
make only two decisions: where to place the tests and what experiments to perform at those 
positions. The testing process is automated by ‘‘Test Works® 4’’ software while the 
‘‘Analyst™’’ package performs data reduction and organizes the storage of test data for easy 
retrieval.  
  
     In the present study, Nano Indenter G200 was used to investigate friction and wear on 
macroscale. These experiments were carried out by the probes made by gluing glass spheres 
of 2.0 mm diameter on specially designed aluminium holders. Friction coefficient was 
determined along the scratch on different polymer brush surfaces treated with selective 
solvents followed by drying with nitrogen. For this purpose, 1000 µm long scratches were 
made on the sample surfaces. Applied load on the sample was increased from 0 mN at starting 
point of the scratch to 40 mN at end of the scratch. For wear experiments, 50 scratches of 
1000 µm length were made on the same position. Constant applied loads of 0.4, 4, and 40 mN 
were used along whole length of the scratches. For friction as well as wear experiments, 
scratch velocity was kept constant at 10 µm/s for all the samples and surface approach 
velocity for the probe was 100 nm/s. 
 
3.2  Experimental procedures  
 
3.2.1  Materials 
     Carboxy-terminated polystyrene (PS2824-SCOOH; Mn = 48000 g/mol, Mw = 50400 
g/mol), carboxy-terminated poly(2-vinyl pyridine) (PVP2260-2VPCOOH; Mn = 40600 g/mol, 
Mw = 43800 g/mol), carboxy-terminated poly(t-butyl acrylate) (P2994-tBuAOOOH;  Mn = 
42000 g/mol, Mw = 47000g/mol) and poly(glycidyl methacrylate) (P3210-GMA; Mn = 17500 
g/mol, Mw = 29750 g/mol) were purchased from Polymer Source Inc. Toluene-4-sulfonic acid 
monohydrate was obtained from Fluka. Toluene and tetrahydrofuran (THF) were distilled 
after drying over sodium. Acidic water with pH = 2 and basic water with pH = 10 were 
prepared from the Millipore water by addition of hydrochloric acid and sodium hydroxide 
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pellets, respectively. (3-Glycidoxypropyl)trimethoxysilane (GPS) was obtained from ABCR 
(Germany). Highly polished silicon wafers (Si-mat, Germany) used for synthesis of polymer 
brushes, were cleaned in ultrasonic bath for 45 min with dichloromethane, treated with 
NH4OH and H2O2 mixture (1:1 ratio, chemical hazard) at 80 °C for two hours, and then 
washed several times with Millipore water. Contact mode Silicon probes (POINTPROBE 
Type: CONT-W) were bought from Nanosensors and silicon nitride probes (NANOPROBE 
Type-DNP) were purchased from DI Nanoprobes. SiO2 particles (nominal diameter = 10 µm) 
were purchased from Duke Scientific Corporation USA. Single crystal silicon wafer (rms 
roughness < 0.2 nm) used for calibration procedure, was purchased from Si-mat (Germany).  
 
3.2.2  Synthesis of polymer brushes 
     Monobrushes (PS, P2VP, and PAA) as well as mixed brushes (PS+P2VP and PS+PAA) 
were synthesized via ‘grafting to’ method [104,105]. GPS chemisorption on cleaned Si wafer 
was carried out by treating with 1% solution in dried toluene for 16 h at room temperature. 
Ungrafted GPS was removed from the Si wafers by ultrasonic cleaning with toluene and 
ethanol. GPS modified substrates were spin coated with 1 % solution of polymer in the 
solvent. Toluene was used as a solvent for PS-COOH and PtBA-COOH, while THF was used 
as a solvent for P2VP-COOH. The spin-coated samples were annealed at 150 °C in a vacuum 
oven for 2 h to graft the polymer. The nongrafted polymer was removed by Soxhlet extraction 
for 3 h using respective solvent. Each step was monitored with ellipsometry measurements. 
PtBA content of the samples was hydrolyzed to PAA by treating with benzene solution of p-
toluene sulphonic acid monohydrate at 55 °C for 1 h. 
 
     PS+P2VP and PS+PAA mixed brushes were synthesized via a two-step procedure. The 
samples spin coated with first component (PS-COOH) were annealed at 150 °C in a vacuum 
oven for 20 min to graft the polymer. The nongrafted polymer was removed by Soxhlet 
extraction for 3 h using toluene as a solvent. Then P2VP-COOH or PtBA-COOH were spin 
coated on top of the film using 1 % solution in respective solvents and annealed in vacuum 
oven at 150 °C for 20 h. It was followed by Soxhlet extraction to remove the nongrafted 
polymer. PtBA content of the samples was hydrolyzed by treating with benzene solution of p-
toluene sulphonic acid monohydrate at 55 °C for 1 h. 
      
     Gradient mixed brushes of PS and P2VP as well as PS and PtBA were synthesized via a 
two-step procedure as reported in the literature [144]. A thin layer of poly(glycidyl 
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methacrylate) (PGMA) was spin coated on the silicon wafer (6 x 2 cm2) to serve as a 
macromolecular anchoring layer. On this layer, PS-COOH was spin coated from 2 % solution 
in toluene, and annealed for 1 h on a specially designed temperature gradient stage. This stage 
consisted of two platforms maintained at 90 °C and 155 °C respectively. Polymer coated 
wafer was held between these platforms by ends so that only two ends of the wafer were in 
contact with the platforms. Heating resulted in the grafted PS layer with a gradient of grafting 
density due to temperature dependence of the grafting process. Nongrafted polymeric material 
was washed out using a Soxhlet extraction in toluene. After that, a P2VP-COOH or PtBA-
COOH layer was spin coated on the gradient PS brush layer from 2 % polymer solution in the 
respective solvents.  The polymer film was annealed at 150 °C for 20 h to graft the P2VP. 
Nongrafted P2VP was washed out using a Soxhlet extraction in THF. Samples were treated 
with benzene solution of p-toluene sulphonic acid monohydrate at 55 °C for 1 h to hydrolyze 
the PtBA content. 
 
3.2.3  PS and P2VP spin-coated films 
     PS and P2VP were spin-coated on silicon wafers from 2 % solution (w/w) of PS in toluene 
and P2VP in THF, at a rotation speed of 2000 rpm for 60 s in an open spin coater. Thickness 
of the PS and P2VP films obtained was ∼ 100 nm. 
 
3.2.4  Modification of SiO2 particles 
     The SiO2 particles were modified by grafting of PS and PAA brush on the surface [145]. 
The synthetic procedure was similar to that used in the preparation of polymer monobrushes 
on the silicon wafer. Particles were washed several times in dichloromethane followed by 
drying in a vacuum oven at 110 °C. GPS was chemisorbed from a 2 % toluene solution. To 
remove non-adsorbed GPS, the particles were washed and centrifuged 6 times in toluene. 
GPS modified particles were mixed with a 3% toluene solution of carboxy-terminated 
polymer at room temperature during 24 h and then dried. Grafting was performed at 150 °C 
for 15 h, which produced a layer of grafted polymer chains on the SiO2 particle. Non-grafted 
polymer was removed by several cycles of washing in toluene and centrifuging. In case of 
poly(t-butylacrylate) coated SiO2 particles, hydrolysis was carried out using p-toluene 
sulphonic acid in benzene at 55 °C, to obtain poly(acrylic acid) coated SiO2 particles.  
 
     Colloidal silica particles modified with polymer brushes on the surface were characterized 
using XPS. The C 1s spectra of the colloidal particles modified with PS and PAA brushes is 
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shown in Figure 3.9. The shape of C 1s spectrum of colloidal particles modified with PS 
brushes was similar to the spectrum expected for PS (Figure 3.9 (a)). This confirmed that 
colloidal particles were covered with the PS. Similarly, the shape of C 1s spectrum of 
colloidal particles modified with PAA brushes was similar to the spectrum expected for PAA 
(Figure 3.9 (b)), hence colloidal particles were covered with PAA.  
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Figure 3.9 XPS spectra (C 1s): (a) colloidal particles modified with PS brushes and (b) 
colloidal particles modified with PAA brushes. 
 
3.2.5  Preparation of colloidal probes 
     Uniform silica spheres of nominal diameter 10 µm (Duke Scientific Corporation; USA) 
and silica particles modified with grafted polymer brushes (PS and PAA brushes) were glued 
onto Si3N4 tips (spring constant = 0.12 N/m; Type-DNP; DI Nanoprobes) as mentioned in 
literature [146]. Scanning electron microscopy (SEM) image of the typical Si3O4 tip and a 
colloidal probe is presented in Figure 3.10. Spring constant of the modified cantilevers was 
determined from their thermal noise spectra. A spring constant for silica particle colloidal 
probe was 0.011 N/m and spring constants for colloidal probes grafted with PS and PAA 
brushes were 0.060 and 0.047 N/m, respectively. Root mean square (rms) roughness of the 
colloidal probes was determined by scanning the ultrasharp silicon tip grating by colloidal 
probes using contact mode AFM. This provided the image of the colloidal probe surface. The 
rms roughness obtained here for colloidal probe with silica particle was 14 nm, which was in 
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agreement with the literature value [146]. Rms roughnesses of colloidal probes with PS and 
PAA brushes on the surface were 6 and 5.2 nm respectively. The radius of curvature of all the 
colloidal probes was ∼ 5 µm. 
 
[a]
           
[b]
 
    
               Figure 3.10 SEM images: (a) silicon nitride probe and (b) colloidal probe. 
 
 
Chapter 4 
Adhesion and Friction in Polymer Brushes  
 
4.1  Introduction  
 
     It has been well studied that covalently bound nanothin polymer brush layers are 
promising material for various applications [60,72,73,78,147]. Such ‘smart’ surfaces can be 
used in fabrication of a variety of nanoscale devices. Surface forces such as adhesion and 
friction play important roles in the manipulation, assembly, and operation of micro- and nano-
scale devices. Friction and adhesion studies are required to fully understand their origins and 
to enable control and optimization for successful nano-device operation.  
 
     In the past, force studies were carried out on polymer brushes in solvent using surface 
force apparatus (SFA). In surface force apparatus, normal forces as well as friction and shear 
forces across perpendicularly mounted curved mica sheets can be investigated. Different 
materials (polymers, surfactants) can be attached to mica surfaces for investigation. Klein et 
al. found that for mica surfaces bearing adsorbed PS brushes in the good solvent toluene, the 
effective friction coefficient was less than that for the bare mica surface in the same solvent 
by a factor of two to three [148]. This decrease in sliding friction between the two sliding 
surfaces covered with neutral polymer brushes in a good solvent was also studied using 
molecular simulations [149]. Brushes of charged polymers (polyelectrolytes) attached to 
surfaces sliding across in an aqueous medium were reported to exhibit superior lubrication 
properties compared to other polymer surfactants [61].  It was attributed to the exceptional 
resistance to mutual interpenetration of counterion-swollen polymer chains, and fluidity of the 
hydration layers surrounding the charged, rubbing polymer surfaces. Adhesion and frictional 
forces for Y-shaped polymer brush layers were found to depend strongly on the morphology 
and composition of the brush layer [150]. Preliminary studies of tribological properties for 
polystyrene/poly(butyl acrylate) mixed polymer brushes, carried out using microtribometer, 
showed that increasing humidity resulted in lowering of the friction coefficients for 
corresponding monobrushes [151]. An extremely low friction coefficient was observed for the 
super-hydrophilic high-density poly(2-methacryloyloxyethyl phosphorylcholine) brushes in 
the aqueous media [152]. Recently, adhesion between switchable polymeric brushes and 
pressure sensitive adhesive (PSA) has been investigated using custom-designed apparatus 
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built on a hydraulic testing machine [124,153]. Normal forces between poly(ethylene glycol) 
brushes against various surfaces have been measured using AFM [154]. Moreover, AFM has 
been also used to investigate the solvent dependent friction force response of polystyrene 
brushes prepared by surface initiated polymerization [155]. 
 
     In this chapter, we report the adhesion and friction force studies on reversibly switchable 
binary polymer brushes [PS+P2VP and PS+PAA; 1:1 ratio] and respective monobrushes [PS, 
P2VP, and PAA] in dried state. Surface force studies were carried out on nanoscale and 
macroscale using atomic force microscopy (AFM) and nanoindenter, respectively. We discuss 
here, how the chemical composition of the mixed polymer brushes affects the wettability, 
surface roughness, and hence the adhesion and friction properties of the surface. Changes in 
surface composition and morphology were carried out by treating polymer brushes with 
selective solvents. Commercially available sharp silicon nitride tips, as well as colloidal 
probes (with bare silica particle and also with PS and PAA brushes on surface) were used to 
investigate the effect of contact area and chemical nature of surfaces on surface forces at 
nanoscale. Silicon nitride tips and colloidal probe with silica particle were employed to 
investigate the interactions between polymer brush and inorganic surfaces. Colloidal probes 
with PS and PAA brushes on surface were used to study the interactions between different 
polymer brush surfaces. Force studies were also carried out on the bare silicon wafer to 
analyze the effect of presence of polymer brushes on the silicon surface. Macroscale 
investigation of friction was carried out using nanoindenter. For this purpose, coefficient of 
friction was determined along a scratch for all the brush samples treated with different 
selective solvents. 
 
4.2  Results and Discussion 
 
4.2.1  Ellipsometry measurements 
     Polymer brushes synthesized via ‘‘grafting to’ method were investigated using 
ellipsometry during different stages of the surface modification during brush synthesis. The 
thickness of the GPS layer was 1.3 ± 0.4 nm. Thickness values for PS, P2VP, and PAA 
monobrushes (~ 5 nm) as well as for PS+P2VP and PS+PAA binary brushes (6 - 7 nm) were 
greater than the distance between two grafting sites in dry state. The distance between two 
grafting sites for PS, P2VP, PAA, PS+P2VP, and PS+PAA brushes was 4.1, 3.6, 3.8, 3.3, and 
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3.3 nm, respectively. Grafting density (Σ) of the polymer brushes was determined as reported 
in the literature [156], using the formula  
 
                                                      Σ = H.ρ.NAv /Mw                                                             (4.1) 
 
where, H is the ellipsometric thickness, ρ the bulk polymer density, NAv Avogadro’s number, 
and Mw the molecular weight. The calculated grafting density of the PS, P2VP, PAA, 
PS+P2VP, and PS+PPA brushes was 0.062, 0.075, 0.066, 0.092, and 0.091 nm-2, respectively. 
Controlled experiment was carried out by measuring the thickness of the films before solvent 
treatment, after solvent treatment followed by drying with nitrogen and after keeping the dried 
sample at 21 °C and 40 % relative humidity for 12 h. No significant change in the effective 
thickness was observed for the brush samples after these treatments (Table 4.1). Similarly for 
thicker spin coated films, no change in the effective thickness due to effect of environment 
was observed (Table 4.1). Hence, it suggested that effect of humidity was not significant 
enough to bring about any detectable change in the effective thickness of the polymer films 
under our experimental conditions. 
 
Table 4.1 Ellipsometric data.  
Sample 
Effective 
thickness, n*d 
(Initial, N2 dried)  
(nm) 
Effective thickness, 
n*d (after solvent 
treatment, N2 
dried) (nm) 
Effective 
thickness, n*d 
(after 12h)     
(nm) 
PS brush (Toluene) 7.85 ± 0.04 7.86 ± 0.02 7.86 ± 0.04 
P2VP brush (Ethanol) 7.97 ± 0.03 7.97 ± 0.03 7.99± 0.03 
PAA brush (pH 10 water) 7.27 ± 0.03 7.27 ± 0.02 7.29 ± 0.03 
Spin coated PS 98.31 ± 0.93 ---- 98.32 ± 1.05 
Spin coated P2VP 104.24 ± 1.09 ---- 104.26 ± 1.04 
   
#
 n = refractive index of the film, d = thickness of the film.  
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4.2.2 Contact angle measurements 
     Advancing contact angles (θAdv) of water drops on polymer brush surfaces are given in 
Table 4.2. All the brush surfaces were treated with selective solvents and dried with nitrogen 
just before contact angle measurements. It must be noted here that toluene, pH 2 water, and 
pH 10 water are selective solvents for PS, P2VP, and PAA chains, respectively, while ethanol 
is a selective solvent for both P2VP and PAA chains. From Table 4.2, it was observed that 
among monobrushes, PS brush surface treated with toluene was most hydrophobic with 
highest θAdv value (89.1° ± 0.5°). The monobrush surfaces of P2VP brushes treated with 
ethanol was less hydrophobic as compared to PS brush treated with toluene, with θAdv value 
(64.2° ± 1.4°). The PAA brush surface treated with pH 10 water was most hydrophilic 
monobrush surface with lowest θAdv value (22.2° ± 1.1°).  
 
Table 4.2 Water contact angle and root mean square roughness of different sample surfaces. 
Brush sample 
Polymer chains 
on the top 
θAdv (Advancing 
contact angle)a 
Rms Roughness 
(nm) 
PS (toluene) PS 89.1° ± 0.5° 0.34 
P2VP (ethanol) P2VP 64.2° ± 1.4° 0.41 
PAA (pH 10 water) PAA 22.2° ± 1.1° 0.39 
PS+P2VP (toluene) PS 87.3° ± 2.5° 0.59 
PS+P2VP (ethanol) P2VP 65.2° ± 4.3° 0.99 
PS+P2VP (pH 2 water) P2VP 18.7° ± 1.2° 1.02 
PS+PAA (toluene) PS 89.1° ± 0.5° 0.34 
PS+PAA (ethanol) PAA 64.2° ± 1.4° 0.41 
PS+PAA (pH 10 water) PAA 22.2° ± 1.1° 0.39 
a
 determined using tangential method. 
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     In case of binary brushes (PS+P2VP), treatment with different selective solvents revealed 
unique switching behavior of the mixed brushes (Table 4.2). The mixed brushes were 
hydrophobic or hydrophilic depending on the solvent used for treatment and composition of 
the brushes. It was noticed that PS+P2VP brush surface was highly hydrophilic when treated 
with pH 2 water since in this case the brush surface had the lowest advancing contact angle of 
18.7° ± 1.2°. However when the PS+P2VP brushes were treated with toluene, the contact 
angle value (87.3° ± 2.5°) was close to that obtained for polystyrene monobrushes, which 
showed the hydrophobic nature of the brush surface. In case of PS+P2VP brushes treated with 
ethanol, contact angle values (65.2° ± 4.3°) were approximately same as for P2VP 
monobrushes, hence their wetting behavior was similar (Table 4.2). Similarly, in case of 
PS+PAA binary brushes, brush surface was highly hydrophilic when treated with pH 10 water 
since in this case the brush surface had the lowest contact angle (24.1° ± 1.4°) (Table 4.2). 
However, when the PS+PAA brushes were treated with toluene, the contact angle value 
(88.4° ± 1.5°) was close to that obtained for PS monobrushes, which showed the hydrophobic 
nature of the brush surface. In case of PS+PAA brushes treated with ethanol, contact angle 
value was 49.3° ± 1.3° which showed the intermediate hydrophilicity of the surface. This 
showed that the wetting behavior of the PS+P2VP and PS+PAA binary brushes could be 
switched by treating with selective solvents (Table 4.2). The treatment with acidic (pH 2) 
water protonates the P2VP chains, while treatment with pH 10 water dissociates the 
carboxylic group of PAA, and the polymer chains are kept in salt form for several hours after 
drying the surface with nitrogen [124,125].  
 
     The switching behavior of the wettability of binary brushes could be understood on the 
basis of previous reports [98,104,123], according to which switching effect in a polymer 
brush is due to the change of morphology and composition of the top layer. The wettability 
(contact angle) shown by the binary brush surface is due to the presence of specific polymer 
chains on the top layer, and can be switched by treatment with different selective solvents. 
Controlled experiments carried out by measuring the contact angles for binary brushes 
(treated with selective solvents) immediately after drying as well as after keeping the dried 
samples at 21 °C and 40 % relative humidity for 10 h suggested that the binary brushes 
remained in the same state for several hours after drying the sample. 
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4.2.3 Topography and surface roughness measurements 
     The contact between the solid surfaces occurs at the high asperities on the surface. On a 
particular normal load, the real area of contact between surfaces is higher for softer materials 
than that for harder materials. When two surfaces are sliding over each other, friction is 
contributed by adhesion and deformation (plowing) at asperity summits in contact. During the 
sliding, elastic or plastic deformation occurs in the contact points depending on normal load, 
surface roughness, and material properties. Hence, measurement of surface roughness was 
important to understand the adhesion and friction behavior of the brush surfaces. 
 
     Figure 4.1 and Figure 4.2 shows the AFM surface topography images and cross-section 
profiles of various monobrush and binary brush surfaces. Surface roughness values of 
different polymer brush systems determined from these height images are shown in Table 4.2. 
Scan size was 2 x 2 µm2 and the z-scale was 8.0 nm for all the images. From Table 4.2, it was 
observed that monobrush samples of PS, P2VP, and PAA brushes revealed fairly smooth 
surfaces with rms roughness values of 0.34, 0.41, and 0.39 nm, respectively. Rms roughness 
for the bare silicon wafer was 0.21 nm.  
 
       
 
Figure 4.1 AFM surface height images and cross-section profile along the line, of the various 
monobrush systems (scan area = 2 x 2 µm2; z-scale = 8.0 nm, tapping mode). Samples: (a) PS 
(Toluene), (b) P2VP (Ethanol), and (c) PAA (pH 10 water).  
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Figure 4.2 AFM surface height images and cross-section profile along the line, of the various 
binary polymer brush systems (scan area = 2 x 2 µm2; z-scale = 8.0 nm, tapping mode). 
Samples: (a) PS+P2VP (toluene), (b) PS+P2VP (ethanol), (c) PS+P2VP (pH 2 water), (d) 
PS+PAA (toluene), (e) PS+PAA (ethanol), and (f) PS+P2VP (pH 10 water). 
 
     In the case of mixed brush samples, switching of the brush surfaces on treatment with 
selective solvent was revealed from topography images (Figure 4.1 and Figure 4.2). For 
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PS+P2VP brush treated with toluene (PS chains were on the top), rms roughness of the 
sample surface was 0.59 nm. On the other hand, when the mixed brush was treated with 
ethanol and pH 2 water (P2VP chains were on the top), rms roughness values of the sample 
surfaces increased to 0.99 nm and 1.02 nm, respectively. Similarly, in case of PS+PAA brush 
treated with toluene (PS chains were on the top), rms roughness of the sample surface was 
0.51 nm. On the other hand, when the mixed brush was treated with ethanol and pH 10 water 
(PAA chains were on the top), rms roughness values of the sample surfaces increased to 0.91 
nm and 0.68 nm respectively. This showed that a switching in the roughness of the PS+P2VP 
and PS+PAA brush surface could be obtained on treatment with different selective solvents. 
However, the difference in the roughness after treatment with different selective solvents was 
not very significant and all the surfaces were having rms roughness values in the range of 0.6 
– 1.0 nm for PS+P2VP brushes and 0.5 – 1.0 nm for PS+PAA brushes. Hence, it was 
expected that surface roughness values would not play a significant role in the trend obtained 
for adhesion and friction forces on different mixed brush samples.  
 
4.2.4 Force measurements with different AFM tips 
     Nanoscale force measurements with different AFM tips (sharp silicon nitride tip and 
colloidal probes) were carried out to study the adhesion and friction behavior of sample 
surfaces in contact with other surfaces, as well as to investigate the switching of the surface 
forces using binary polymer brushes. Experiments were performed after treatment of sample 
surfaces with selective solvents (as discussed earlier in section 4.2.2). There could be several 
force contributions (hydrogen bonding, mechanical force applied by the probe, meniscus 
forces, etc.) acting between the AFM tip and the polymer brush surface that contributed to the 
total adhesion and friction forces. In this work, our results have been interpreted as a sum of 
all these forces.  
    
     The adhesion force values obtained for binary brushes (PS+P2VP and PS+PAA) and 
corresponding monobrushes using different AFM probes are shown in Figure 4.3. The radius 
of curvature for the Si3N4 tip, and all colloidal probes was approximately 20 nm and 5 µm, 
respectively. Maximum load applied on Si3N4 tip, SiO2 sphere colloidal probe, PS brush 
modified colloidal probe, and PAA brush modified colloidal probe was 30, 15, 15, and 25 nN, 
respectively. In both the cases of PS+P2VP and PS+PAA brush systems, the adhesion force 
observed for PAA brush modified colloidal probe was higher than that for other colloidal 
probes due to lower surface roughness (higher contact area) of the PAA brush modified 
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colloidal probe (Figure 4.3 (a)). The adhesion force values were normalized by dividing with 
the radius of curvature of the tips used. The normalized adhesion force observed for the 
hydrophilic sharp Si3N4 tip was higher in comparison to other tips. It could be understood on 
the basis of higher maximum load applied in case of sharp Si3N4 tip as compared to that for 
the colloidal probes.  
 
     The rms roughness for the surface of the PS brush modified colloidal probe was 6 nm, 
which was significantly smaller than that of the silica sphere colloidal probe (14 nm). Hence, 
the colloidal probe modified with the PS brushes exhibited higher true contact area with the 
sample surface than the silica sphere colloidal probe. This increase in true contact area was 
expected to cause an increase in adhesion force. However, for PS+P2VP brush system, the 
adhesion force values observed for the PS brush modified colloidal probe (2 - 7 nN) were 
comparable to that obtained with the bare silica sphere colloidal probe (3 – 6 nN). Similarly, 
in case of PS+PAA brush system, adhesion force values observed for the PS brush modified 
colloidal probe (3 - 17 nN) were comparable to that obtained with the bare silica sphere 
colloidal probe (5 – 16 nN).  
 
     For PS+P2VP as well as PS+PAA brush systems, with most of the tips similar trend in the 
adhesion force values for different samples was observed (Figure 4.3). The adhesion force 
values obtained for all other tips were correlated with the hydrophilicity of the polymer brush 
surface. For PS+P2VP brush system, the adhesion force values obtained for the bare silicon 
wafer using most of the tips (except PAA brush modified colloidal probe) was higher than 
that for the brush samples. In case of PS+PAA brush system, the adhesion force value 
obtained using Si3N4 tip for the bare silicon wafer was higher than that for the brush samples. 
However, the adhesion force value obtained using colloidal probes for bare silicon wafer was 
lower than that for the brush surfaces with PAA chains on the top (on treatment with ethanol 
and pH 10 water). 
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Figure 4.3 Variation of adhesion force for different polymer brushes measured using different 
AFM probes: (a) PS+P2VP binary brushes and corresponding monobrushes and (b) PS+PAA 
binary brushes and corresponding monobrushes (unnormalized data with respect to radius of 
curvature of the tip).   
 
     The adhesion force values obtained using all the hydrophilic probes (Si3N4 tip and silica 
sphere colloidal probe, and PAA brush modified colloidal probe) for the hydrophilic P2VP 
(treated with ethanol) and  PAA (treated with pH 10 water) monobrushes were higher than 
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that of the hydrophobic PS brushes (treated with toluene) (Figure 4.3). In case of the 
PS+P2VP binary brushes, the adhesion force values obtained with all the hydrophilic probes 
was higher when the brushes were treated with the selective solvent for the P2VP chains 
(ethanol and pH 2 water), as compared to the situation when brushes were treated with a 
selective solvent for the PS chains (toluene) (Figure 4.3). Similarly, for PS+PAA binary 
brushes, the adhesion force values obtained with all the hydrophilic probes was higher when 
the brushes were treated with the selective solvent for the PAA (ethanol and pH 10 water), as 
compared to that for the PS brushes (treated with toluene). This trend was obtained due to the 
strong adhesive interaction between the hydrophilic probes and the hydrophilic brush 
surfaces. In case of adhesion force measurements with hydrophobic PS brush modified 
colloidal probe, higher adhesion force was expected for brush surfaces with hydrophobic PS 
chains on the top. Contrary to our expectations, higher adhesion force was observed for the 
brush samples with P2VP chains (for PS+P2VP system) or PAA chains (for PS+PAA system) 
were on the top. This anomalous behavior at present is not clear.  
 
     It was observed from Figure 4.3 that switching in adhesion force could be obtained by 
treating the binary brush surface with different selective solvents. In case of PS+P2VP binary 
brushes, highest switching in the adhesion was observed using the PAA brush modified 
colloidal probe where the adhesion force value for the PS+P2VP surface treated with pH 2 
water (47.7 ± 1.1 nN) was 2.1 times higher than that for the PS+P2VP surface treated with 
toluene (22.2 ± 1.2 nN). In case of the force measurement using PAA brush modified 
colloidal probe on PS+P2VP brushes treated with pH 2 water, a high adhesion force was 
observed due to the strong interaction between carboxyl groups of PAA chains and the 
pyridine ring of P2VP chains. Similarly, for PS+PAA binary brushes, highest switching in the 
adhesion was observed using the PAA brush modified colloidal probe where the adhesion 
force value for the PS+PAA surface treated with pH 10 water (59.9 ± 1.2 nN) was 2.7 times 
higher than that for the PS+PAA surface treated with toluene (20.8 ± 0.8 nN). In case of the 
force measurement using PAA brush modified colloidal probe on the brush samples with 
PAA chains on the top, a high adhesion force was observed due to the strong interaction 
between carboxyl groups of PAA chains on the probe and that on the sample surface. This 
interaction was stronger than that between the carboxyl groups on probe and P2VP rich 
surface in case of the PS+P2VP system, hence, higher switching in adhesion was observed for 
PS+PAA system as compared to that observed for PS+P2VP brush system (2.1 times). 
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    The friction coefficient values obtained for binary brushes (PS+P2VP and PS+PAA) as 
well as corresponding monobrushes (PS, P2VP, and PAA) using different AFM probes have 
been shown in Figure 4.4. It was noticed that the friction behavior of the monobrushes as well 
as binary brushes was consistent with their adhesion behavior. The higher the adhesion force, 
the higher was the frictional force for the brush sample surfaces [157]. The friction 
coefficients for the brush surfaces were also correlated to the hydrophilicity of the surfaces. In 
case of PS+P2VP system, friction coefficients were higher for the brush surfaces with 
hydrophilic P2VP chains on the top and lower for the brush surfaces with hydrophobic PS 
chains on the top. Similarly, in case of PS+PAA system, friction coefficients were higher for 
the samples with hydrophilic PAA chains on the top as compared to that for the samples with 
hydrophobic PS chains on the top. For both the brush systems (PS+P2VP and PS+PAA), the 
bare silicon wafers showed higher friction coefficients than that for the brush samples, using 
most of the tips (except PAA brush modified colloidal probe) (Figure 4.4).  
 
     For both PS+P2VP and PS+PAA brush systems,  it was observed that the coefficient of 
friction increased with an increase in the radius of the AFM probes as probes with the larger 
radius (colloidal probes) provided a larger contact area than the probes with the smaller radius 
(Si3N4 tip) (Figure 4.4). Hence, the coefficient of friction increased as we went from the Si3N4 
tip to colloidal probes in accordance with the scale dependence studies reported in the 
literature [115,116]. The friction force observed using the PS brush modified colloidal probe 
was considerably greater than that obtained for the silica sphere colloidal probe as more 
contact area was provided by the smoother surface of the PS brush modified colloidal probe 
with lower rms roughness than that for the surface of the silica sphere colloidal probe. 
Moreover, in case of PS brush modified colloidal probe, penetration of polymer chains into 
the opposing surface in contact (polymer brush surface for probe surface and vice versa) was 
possible, which was absent in case of silica sphere colloidal probe. This interpenetration of 
chains was also responsible for the higher friction coefficient values observed for the PS 
brush modified colloidal probe as compared to that for the silica sphere colloidal probe [114]. 
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 Figure 4.4 Variation of friction coefficient for different polymer brushes using different 
probes: (a) PS+P2VP binary brushes and corresponding monobrushes and (b) PS+PAA binary 
brushes and corresponding monobrushes.   
 
     As a significant observation, we found that in the case of force measurements using PAA 
brush modified colloidal probe, friction coefficient of the PS+P2VP brushes treated with pH 2 
water was higher than that of the PS+P2VP brushes treated with toluene by a factor of 4.5 
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(Figure 4.4). It was due to strong interaction between carboxyl groups of PAA chains and the 
pyridine ring of P2VP chains as explained earlier. Similarly, measurements using PAA brush 
modified colloidal probe showed that friction coefficient of the PS+PAA brushes treated with 
pH 10 water was higher than that of the PS+P2VP brushes treated with toluene by a factor of 
5.4 (Figure 4.4). As explained above, the interaction between carboxyl groups of PAA chains 
on the probe and that on the sample surface was stronger than that between the carboxyl 
groups on probe and P2VP rich surface in case of the PS+P2VP system. Hence, switching in 
friction was higher for PS+PAA brush system (5.4 times) than that observed for PS+P2VP 
brush system (4.5 times).  
 
     Moreover, adhesion and friction forces were also investigated for PS and P2VP spin-
coated films using Si3N4 tip. The adhesion force (12.6 nN) and friction coefficient (0.0052) 
for PS film was comparable to the adhesion force (12.8 nN) and friction coefficient (0.0053) 
obtained for the PS brushes, using Si3N4 tip. Similarly, the adhesion force (15.1 nN) and 
friction coefficient (0.0091) for P2VP film was comparable to that for the P2VP brushes. 
 
4.2.5 Force measurements using nanoindenter 
     In order to investigate the friction at macroscale, Nano Indenter G200 was used to measure 
friction coefficients on PS, P2VP, PAA, PS+P2VP, and PS+PAA brushes treated with 
selective solvents. Friction coefficients were measured along the scratch made by the glass 
sphere probe (2.0 mm diameter) on the sample surface. Friction coefficient values obtained 
along the scratch for PS+P2VP and PS+PAA brush systems are presented in Figure 4.5 (a - e) 
and Figure 4.6 (a - d), respectively. Friction coefficient curves presented in the figure are 
average of five curves obtained for the sample. As shown in Figure 4.5 (f), applied load along 
the scratch was increased from 0 to 40 mN. 
 
     As could be observed from Figure 4.5 and Figure 4.6, friction coefficient values were 
lower at lower applied loads as compared to those at the higher applied load, for all the brush 
samples. Friction coefficients increased sharply with increasing load during initial part of the 
scratch. It was in contrast to the Amonton’s law of friction, which states that the coefficient of 
friction for any material is independent of apparent area and applied load [158,159]. This 
suggested that, in present experiments, Amonton’s law does not hold for the macroscale 
measurements of friction. It was in accordance with the literature reported in the past 
[158,159]. After reaching some critical load for particular brush sample surface, friction 
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coefficient values became almost constant or increased slowly with increase in the applied 
load. Moreover, it was observed for all the brush samples that fluctuations in the friction 
coefficient values were much higher at lower applied loads as compared to that for the higher 
loads. This is because at very low loads surfaces were in contact at some asperities only, 
which were deformed later on increasing the load and smoother contact was created. This 
indicated that nanoindenter probe was not stable at lower loads leading to higher fluctuations 
in the friction coefficient.  
 
     In case of monobrushes treated with different selective solvent, friction coefficient 
increased initially till critical applied load in range of 10 to 30 mN for different brushes 
(Figure 4.5 and Figure 4.6). Friction coefficient values were almost constant on further 
increasing the applied load above the critical load. It was noticed that the friction coefficient 
between the scratch distance of 750 and 1000 µm for PAA brush surface (treated with ph 10 
water) was highest (∼ 0.27), while that for the PS brush surface (treated with toluene) was 
lowest (∼ 0.15). This was due to stronger interaction between hydrophilic nanoindenter probe 
with hydrophilic PAA brush surface as compared to that with the hydrophobic PS brush 
surface. The P2VP brush surface (treated with ethanol) showed the intermediate friction 
coefficient values in scratch distance (750 - 1000 µm). This behavior of PS, P2VP, and PAA 
monobrush surfaces for macroscale measurements of friction coefficient was similar to their 
nanoscale friction measurements made by AFM using SiO2 sphere colloidal probe (please see 
section 4.2.4 for details). 
 
     For PS+P2VP and PS+PAA binary brush surfaces, totally different friction coefficient 
curves were observed on treatment with different selective solvents (Figure 4.5 and Figure 
4.6). With an aim to investigate the effect of switching of chemical composition of the binary 
brush surface on the friction coefficient values during macroscale measurements, friction 
coefficients between the scratch distances of 600 to 1000 µm for binary brushes treated with 
different selective solvents were compared. It was noticed that friction coefficient values were 
quite different for brush surfaces treated with different selective solvents. For PS+P2VP 
binary brushes, it was observed that friction coefficient for binary brushes treated with ethanol 
and pH 2 water (P2VP on the top) was higher than that for the binary brushes treated with 
toluene (PS on the top) (Figure 4.5). Similarly, in case of PS+PAA binary brushes, friction 
coefficient values were higher for PS+PAA brush surfaces treated with ethanol and pH 10 
water (PAA on the top) as compared to that for the PS+PAA brush  treated  with  toluene  (PS  
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Figure 4.5 Variation of friction coefficient (a – e) and applied load (f) along the scratch on 
the PS+P2VP binary brushes and corresponding monobrushes. Friction coefficient curves 
presented here are average of five curves for the same sample. 
 
on the top) (Figure 4.6). This was due to stronger interaction of hydrophilic nanoindenter 
probe with hydrophilic P2VP and PAA surface as compared to that with hydrophobic PS 
surface, as discussed earlier. This switching in the friction coefficient observed during 
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macroscale measurements was similar to the switching in the friction coefficient observed for 
these brush surfaces during nanoscale measurement of friction using AFM (please see section 
4.2.4 for details). 
 
 
Figure 4.6 Variation of friction coefficient along the scratch on the PS+PAA binary brushes 
and corresponding monobrushes. Friction coefficient curves presented here are average of 
five curves for the same sample. 
   
   It has been reported in the literature [160] that contact pressure at different scales of 
measurement can be kept same by satisfying the relation  
 
                                                     Fn1/Fn2 = R12/R22                                                                          (4.2) 
 
where, Fn1, Fn2 are normal forces and R1, R2 are the probe radii in AFM (using SiO2 sphere 
colloidal probe) and nanoindenter, respectively. In the present case, values for R1 and R2 are 5 
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nanoindenter (macroscale) to reach the same maximum contact pressure (4.0 x 106 N/m2, 
calculated using Hertz theory [3] assuming elastic modulus = 3.0 GPa). In present 
nanoindenter experiments, applied load of 2 mN corresponds to point at scratch distance of 50 
µm (Figure 4.5 (f)). As could be observed from Figure 4.5, at this point, friction coefficient 
values for PS+P2VP brush system lied in the range of 0.03 to 0.12 for all the brush samples. 
In case of AFM measurement using SiO2 sphere colloidal probe at same contact pressure, 
friction coefficient values for all the brush samples lied between 0.01 and 0.02 (please see 
section 4.2.4 for details). Hence, it could be concluded that friction coefficient values 
obtained using nanoindenter (macroscale) were higher than that obtained using AFM 
(nanoscale). Similarly, for PS+PAA brush system, friction coefficient values obtained using 
nanoindenter (0.03 - 0.14) for all the brush samples at scratch distance of 50 µm (Figure 4.6) 
were higher than that obtained using AFM (with SiO2 sphere colloidal probe) at same contact 
pressure (0.012 - 0.026) (please see section 4.2.4 for details). This was in accordance with the 
scale dependence friction studies for applied load and size of the probe, reported in the 
literature [114,157]. 
 
4.2.6 Discussion 
     In past, surface force studies have been reported on PS brushes in toluene [148], charged 
polymers in aqueous medium [61], Y-shaped polymer brushes [150], super-hydrophilic 
poly(2-methacryloyloxyethyl phosphorylcholine) brushes [152], and other surfaces 
[124,154,155] using different techniques like surface force apparatus, microtribometer, and 
AFM. We have made adhesion and friction forces studies on PS+P2VP and PS+PAA binary 
brushes and corresponding monobrushes using AFM and nanoindenter. Switching in adhesion 
and friction on binary brushes was observed on treatment with selective solvents. Adhesion 
and friction forces were affected by different factors such as chemical composition, and 
wettability of surfaces, radius of the curvature of the probe, roughness of the surfaces, and 
interpenetration of polymer chains into opposite surfaces. 
 
     Different studies have been reported in literature where variation in the top surface 
composition of polymer layers has been reflected in the significant change in the adhesion and 
friction forces [161,162,163,164,165]. Our results showed that adhesion and friction forces 
were strongly dependent on the chemical composition and hence on the wettability of the 
polymer brush surfaces. The influence of switching of chemical composition of the mixed 
brush surfaces on adhesion and friction was also cleared observed in our results. 
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     The adhesion as well as friction forces on the polymer brush surfaces were different using 
different techniques (AFM and nanoindenter). This was mainly due to fact that the radius of 
curvature of the probe and hence the total area of contact provided was significantly different 
in case of different techniques. Bhushan et. al have extensively investigated the effect of 
variation in AFM tip radius on the surface forces for silicon wafer, poly(methyl methacrylate) 
(PMMA), and polyurethane acrylate surfaces [115,116]. They have shown that adhesion and 
friction forces on the surfaces increases on increasing the radius of the probe due to increase 
in the contact area between the surfaces. Moreover, the adhesion and friction between the 
probe and the surface is also dependent on the extent of penetration of the probe into the 
brush surface. In present studies, we can expect some penetration into the brush surface by the 
sharp silicon nitride tip using AFM. But, penetration of the probe into the surface is absent 
when colloidal and nanoindenter probes were used due to higher radius of curvature. 
 
     It has been reported that introducing a pattern or increasing the roughness on a flat 
polymer surface reduces the adhesion and friction because of the reduction of the real area of 
contact between the tip and the sample surface, if tip size is larger than the size of the 
asperities [116]. In our studies, surface roughness of all the polymer brushes was in the 
narrow range. Hence, no significant effect of brush surface roughness on the adhesion and 
friction was expected. However, there was significant difference in the surface roughness of 
different colloidal probe surfaces and affected the adhesion and friction between the surfaces.  
  
     Studies reported by Israelachvili et. al reveal that only a small number of polymer chain 
ends are needed to produce large increase in the adhesion and friction forces if they are able to 
penetrate into the opposing surface [114]. In our studies, penetration of polymer chains into 
opposing surfaces could play a crucial contribution in the surface forces when force 
measurements on polymer brush surfaces were carried out using colloidal probes with PS and 
PAA chains grafted on the surface. 
 
4.3 Conclusions 
 
     In conclusion, PS, P2VP, and PAA monobrushes as well as PS+P2VP and PS+PAA binary 
brushes were synthesized successfully. Surface roughness values for all the polymer brush 
samples were in the same range and had minimal influence on the trend obtained for the force 
values.  Adhesion and friction forces were correlated, and were in accordance with the 
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wettability of the samples for most of the cases. Switching in the adhesion and friction forces 
was observed for the PS+P2VP and PS+PAA binary polymer brushes on treatment with 
selective solvents. For PS+P2VP binary brushes, maximum change in the adhesion force (by 
a factor of 2.1) and friction coefficient (by a factor of 4.5) was observed when the PAA brush 
modified colloidal probe was used for force measurements. In case of PS+PAA binary 
brushes, switching in the adhesion force (by a factor of 2.7) and friction coefficient (by a 
factor of 5.4) was observed, which was higher than that for the PS+P2VP binary brushes. 
Normalized adhesion force on all the polymer brush surfaces was higher for the sharp silicon 
tips as compared to other tips due to higher contact pressure for sharper tips. The adhesion 
and friction forces on monobrushes were comparable to that for the spin-coated films. 
Furthermore, switching of friction for mixed brush surface was also observed during 
macroscale friction measurements. Friction coefficients at macroscale were higher than those 
at the nanoscale. Our studies show that adhesion and friction of polymer surfaces can be 
controlled and switched by the use of binary polymer brushes.  
 
 
 
 
 
 
 
 
Chapter 5 
Factors Affecting Adhesion and Friction  
 
5.1  Introduction  
 
     In past, various studies have been reported for polymer surfaces where influence of the 
relative humidty of the environment on the adhesion and friction forces has been investigated. 
It has been found that adhesion force and friction coefficient for poly(methyl methacrylate) 
(PMMA) and polyurethane acrylate films increase with increasing relative humidity [116]. 
The friction force on poly(dimethylsiloxane) (PDMS) and PMMA have exhibited strong 
velocity dependence [118,166]. At high velocities, deformation of contacting asperities due to 
the high velocity impacts was found to result into high friction [118,166]. 
 
     In the chapter 4, we have discussed the adhesion and friction forces on nanothin layers of 
the monobrushes and binary brushes as well as thicker spin-coated films using sharp AFM 
tips and colloidal probes. It was found that adhesion and friction forces between the sample 
surface and AFM tip was affected by various factors such as hydrophilicity of the sample 
surface, load applied, roughness, size of AFM tip, penetration of polymer chains into 
opposing surfaces, etc. However, there are still many other factors which influence the 
adhesion and friction forces between the surfaces in contact. 
 
     In this chapter, we report detailed study about some important factors which affect the 
adhesion and friction force studies on binary polymer brushes [PS+P2VP and PS+PAA] and 
respective monobrushes [PS, P2VP, and PAA]. Effect of important factors such as relative 
humidity of the experimental environment, velocity of scanning tip, grafting density of 
polymer brushes, and chemical composition of brush surface on the surface forces, has been 
investigated using AFM. All these studies were performed using silicon nitride tip.  
 
5.2  Results and Discussion 
 
5.2.1  Humidity dependence  
     Humidity dependence of adhesion and friction forces was investigated for monobrushes 
(PS, P2VP, and PAA) as well as binary brushes (PS+P2VP and PS+PAA) treated with 
selective solvents. Variation in adhesion force and friction coefficient as a function of relative 
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humidity for PS+P2VP and PS+PAA brush systems is shown in Figure 5.1 and Figure 5.2, 
respectively. As could be clearly observed from Figure 5.1 (a) and Figure 5.2 (a), the 
adhesion force for the P2VP (treated with ethanol), PAA (treated with pH 10 water), 
PS+P2VP (treated with ethanol and pH 2 water), and PS+PAA (treated with ethanol and pH 
10 water) brushes increased significantly on increasing the relative humidity from 5 to 80 %. 
Top layer of the surface in all these brush samples was occupied by hydrophilic P2VP or PAA 
chains. The hydrophilic nature of the polymer chains was responsible for deposition of very 
thin water layer on the sample surface, in presence of humidity in the experimental 
environment. Due to this water layer, there was a possibility of water meniscus formation 
between the tip and the brush surface. Consequently, capillary forces existed between 
hydrophilic Si3N4 tip and sample surface. Thickness of the water layer increased with increase 
in the relative humidity and thence capillary force contribution to total adhesion force also 
increased with increase in the relative humidity [116]. Therefore, an increase in the relative 
humidity resulted in increased adhesion force values. Increase in the adhesion force values for 
P2VP brushes treated with ethanol and PS+P2VP brushes treated with ethanol and pH 2 water 
was 3.0, 3.2, 5.5 nN, respectively. Similarly, increase in the adhesion force values for PAA 
(treated with pH 10 water), PS+PAA (treated with ethanol), and PS+PAA (treated with pH 10 
water) brush samples was 4.65, 4.05, 4.70 nN, respectively. In case of PS, PS+P2VP, and 
PS+PAA brushes treated with toluene, top of the brush surface was occupied by hydrophobic 
PS chains. Adsorption of water on the sample surface was not favored on these surfaces and 
thence capillary forces might not be so significant here. Therefore, there was very small 
increase in the adhesion force on increasing the relative humidity from 5 to 80 %. 
 
     Friction coefficient values obtained for different brush samples shown the dependence on 
the relative humidity of the environment. This dependence of friction of the brush surfaces on 
humidity was similar to their adhesion behavior [116]. On increase in the relative humidity, 
an increase in the friction coefficient values was observed for polymer brushes with 
hydrophilic P2VP or PAA chains on the top (Figure 5.1 (b) and Figure 5.2 (b)). This was due 
to increase in the capillary forces between the tip and the sample surface, as explained above. 
On increasing the relative humidity from 5 to 80 %, friction coefficient values for P2VP 
(treated with ethanol), PS+P2VP (treated with ethanol), and PS+P2VP (treated with pH 2 
water) brush samples exhibited an increase of 0.0027, 0.0032, and 0.0030, respectively. 
Similarly, increase in the friction coefficient values for PAA (treated with pH 10 water), 
PS+PAA (treated with ethanol), and PS+PAA (treated with pH 10 water) brush samples was 
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0.009, 0.007, and 0.009, respectively. As discussed earlier, capillary forces were not 
significant for PS, PS+P2VP, and PS+PAA brushes treated with toluene. Hence, on increase 
in the relative humidity from 5 to 80 %, friction coefficient values for these samples displayed 
a very small increase in the friction coefficient. At this point, it is important to mention that 
switching in adhesion and friction (on treatment with selective solvents) of binary brushes 
were observed at all the relative humidities used between 5 to 80 % (Figure 5.1 (b) and Figure 
5.2 (b)).   
 
 
   Figure 5.1 Variation in adhesion force (a) and friction coefficient (b) as a function of 
relative humidity for different polymer brush samples treated with selected solvents 
(PS+P2VP brush system). 
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Figure 5.2 Variation in adhesion force (a) and friction coefficient (b) as a function of relative 
humidity for different polymer brush samples treated with selected solvents (PS+PAA brush 
system). 
 
     Moreover, adhesion parameter (∆A) and friction parameter (∆F) were employed to analyze 
the effect of variation in humidity on switching in adhesion and friction forces. These 
parameters were defined by taking PS+P2VP and PS+PAA brush surfaces treated with 
toluene (PS chains on the top) as a reference surfaces. Adhesion parameter (∆A) was defined 
as difference between the adhesion force for binary brush sample with P2VP (for PS+P2VP 
brushes) or PAA (for PS+PAA brushes) chains on the top and adhesion force for 
corresponding reference surface. In the similar manner, friction parameter (∆F) was defined 
0 20 40 60 80
0.000
0.004
0.008
0.012
0.016
0.020
[b]
Fr
ic
tio
n
 
co
ef
fic
ie
n
t
 PS (toluene)                      
 PAA (pH 10 water)
 PS+PAA (toluene)          
 PS+PAA (ethanol)
 PS+PAA (pH 10 water)
Relative humidity (%)
0 20 40 60 80
6
12
18
24
30
36
A
dh
es
io
n
 
fo
rc
e 
(nN
)
 PS (toluene)                   
 PAA (pH 10 water)
 PS+PAA (toluene)         
 PS+PAA (ethanol)
 PS+PAA (pH 10 water)
Relative humidity (%)
[a]
Factors Affecting Adhesion and Friction 
 73 
as difference between the friction coefficient for binary brush sample with P2VP or PAA 
chains on the top and friction coefficient for corresponding reference surface. Therefore, ∆A 
and ∆F represented the magnitude of switching in adhesion force and friction coefficient for 
binary brush.  
 
 
Figure 5.3 Variation in adhesion parameter (∆A) (a) and friction parameter (∆F) (b) as a 
function of relative humidity for different polymer brush samples treated with selected 
solvents. ∆A and ∆F for a particular brush surface are difference between their adhesion force 
and friction coefficient, respectively; with that for the binary brush treated with toluene 
(reference surface). 
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     Variation in adhesion parameter (∆A) and friction parameter (∆F) as a function of relative 
humidity, for binary polymer brush samples treated with selective solvents is shown in Figure 
5.3. Increase in ∆A and ∆F was observed with an increase in the relative humidity from 5 to 
80 %. This trend in ∆A and ∆F values indicated that there was a higher switching in the 
adhesion force and friction coefficient values at higher relative humidity as compared to that 
at lower relative humidity. This increase in the magnitude of switching in the adhesion force 
and friction coefficient at higher humidity could be understood on the basis of 
meniscus/capillary forces acting there. As discussed earlier, brush surfaces with P2VP or 
PAA chains on the top exhibit higher adhesion force and friction coefficient values at higher 
humidity due increased capillary forces. Moreover, it was observed that ∆A and ∆F was 
higher for binary brush treated with acidic water as compared to that for the binary brush 
treated with ethanol, at all the humidities from 5 to 80 %. Hence, switching in adhesion force 
and friction coefficient was higher for PS+P2VP brush surface treated with pH 2 water as 
compared to PS+P2VP brush surface treated with ethanol, with reference to PS+P2VP brush 
surface treated with toluene (reference surface) (Figure 5.3). Similarly, switching in adhesion 
force and friction coefficient was higher for PS+PAA brush surface treated with pH 10 water 
as compared to PS+PAA brush surface treated with ethanol (Figure 5.3). This might be due to 
fact that hydrophilicity of the PS+P2VP brush treated with pH 2 water and PS+PAA brush 
treated with pH 10 water was higher as compared to PS+P2VP brush surface treated with 
ethanol and PS+PAA brush treated with ethanol, respectively (please see Table 4.2). 
 
     As explained above, adhesion and friction forces were affected by the variation in the 
relative humidity of the environment. As discussed in chapter 4, force measurements were 
carried out in a controlled environment at 40 % relative humidity and experimental time was 
less than 5 min. However, possibility of deposition of very thin water layer on the tip as well 
as on the sample surface cannot be overlooked. Therefore, there was a possibility of the 
meniscus force contribution to the total adhesion and friction forces between the surfaces 
[167]. To ascertain this contribution to the total surface force, a controlled experiment was 
carried out on the brush surfaces exposed to 40 % relative humidity for 12 h. The results 
obtained for PS+P2VP brush surface treated with different selective solvents are presented in 
Figure 5.4. As could be observed from Figure 5.4 (a), there was an increase in the adhesion 
force for the brush samples exposed to the 40 % relative humidity for 12 h as compared to the 
samples for which force measurement was carried out immediately after the drying with 
nitrogen. Similar trend was also  observed for the friction  coefficient  values  (Figure 5.4 (b)).  
Factors Affecting Adhesion and Friction 
 75 
 
Figure 5.4 Variation of the adhesion force (a) and friction coefficient (b) for different 
polymer brushes measured (using Si3N4 tip) immediately after drying with nitrogen as well as 
after keeping the samples at 21 °C and 40 % relative humidity for 12 h. 
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for binary brush samples treated with different solvents. Moreover, higher increase in the 
adhesion and friction was observed for the binary brushes when hydrophilic P2VP chains 
were on the top (binary brushes treated with ethanol and pH 2 water) as compared to that for 
the binary brushes with hydrophobic PS chains on the top (binary brushes treated with 
toluene). Therefore, meniscus forces were higher for the hydrophilic brushes (when P2VP 
chains were on the top) than that for the hydrophobic brushes (when PS chains were on the 
top). Similar results were obtained for the studies carried out for PS+PAA binary brush 
surfaces. On the basis of these experiments, we expected some meniscus force contribution to 
total adhesion and friction forces on all the brush samples measured at 40 % relative humidity 
using different probes as reported in chapter 4.  
 
5.2.2  Grafting density dependence   
     The grafting density dependence of adhesion force and friction coefficient between silicon 
nitride tip and monobrush surfaces (PS, P2VP, and PAA) with varying grafting density was 
studied. Figure 5.5 shows the variation of adhesion forces and friction coefficient as a 
function of grafting density of the PS, P2VP, and PAA brushes. It was noticed that adhesion 
force and friction coefficient increased with increase in the grafting density of the polymer 
brushes (Figure 5.5). This might be due to the fact that more polymer chain ends per unit area 
were available for interaction with the tip on increasing the grafting density of the brush 
[114], which resulted into increase in the adhesion and friction between the surfaces. 
Moreover, it could also be observed from Figure 5.5 that adhesion force and friction 
coefficient values were highest for PAA brush treated with pH 10 water and lowest for PS 
brush treated with toluene, over the whole range of grafting densities used. 
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Figure 5.5 Variation in adhesion force (a) and friction coefficient (b) as a function of grafting 
density of PS (treated with toluene), P2VP (treated with ethanol), and PAA (treated with pH 
10 water) monobrushes. 
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PS+PAA gradient brush surface (treated with ethanol and pH 10 water). With these surfaces, 
hydrophilic P2VP or PAA was on the top, and hence the adhesion force and friction 
coefficient increased with increase in the P2VP or PAA content due to increased interaction 
forces between the brush surface and the hydrophilic silicon nitride tip.  
 
 
Figure 5.6 Variation in adhesion force (a) and friction coefficient (b) as a function of P2VP 
fraction (in percent) for gradient PS+P2VP brush treated with different selective solvents. 
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adhesion force and friction coefficient due to stronger interaction between hydrophilic P2VP 
or PAA and silicon nitride tip surfaces. Maximum increase in the adhesion force and friction 
coefficient was exhibited by the PS+P2VP gradient brush surface treated with pH 2 water, 
PS+PAA gradient brush surface treated with pH 10 water (Figure 5.6 and Figure 5.7). 
 
 
Figure 5.7 Variation in adhesion force (a) and friction coefficient (b) as a function of PAA 
fraction (in percent) for gradient PS+PAA brush treated with different selective solvents. 
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interface between the surfaces, as less time is available for the formation of stable menisci. 
So, decrease in the overall friction was noticed with increase in the sliding velocity (which 
decreases the residence time). On further increase in the sliding velocity above a certain 
critical value, the friction force is controlled by the deformations arised due to the sliding of 
surfaces [10,166]. 
 
 
Figure 5.8 Variation in friction coefficient as a function of scan velocity: (a) PS+P2VP brush 
system and (b) PS+P2VP brush system. 
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b)). All these surfaces were hydrophobic, and there was no significant meniscus force 
contribution to the friction. After reaching a critical velocity, the friction coefficient increased 
due to increase of the deformation related friction. P2VP (treated with ethanol), PAA (treated 
with pH 10 water), PS+P2VP (treated with ethanol and pH 2 water), and PS+PAA (treated 
with ethanol and pH 10 water) brush surfaces were hydrophilic and meniscus force 
contributions to the friction decreased with an increase in the velocity, as less time was 
available for the formation of a stable meniscus. Hence, we observed here a small decrease in 
the friction coefficient up to a certain critical velocity, after that friction coefficient increased 
due to increased deformation related friction (Figure 5.8 (a - b)). 
 
5.2.5  Discussion  
     In past, different studies have been reported where factors affecting the adhesion and 
friction on different surfaces have been investigated [116,118,166,168]. We have investigated 
the effect of relative humidity, velocity of scanning tip, grafting density, and chemical 
composition of surface on the adhesion and friction forces in polymer brush surfaces. 
 
     The presence of an adsorbed water layer between the polymer surface and the tip leads to 
the formation of a water meniscus and stronger interactions between both materials [169]. It 
has been reported that adhesion and coefficient of friction for PMMA and other patterned 
surfaces increase with increasing relative humidity due to increase in the meniscus force 
contribution [116]. Similarly other studies also report increase in the adhesion 
[170,171,172,173] and friction [174] with an increase in the relative humidity. In accordance 
with the literature, our results show increase in the adhesion force and friction coefficient on 
increasing the relative humidity from 5 to 80 %. This effect was more significant on 
hydrophilic brush surfaces as compared to that for the hydrophobic brush surfaces.  
 
     For different polymer brush surfaces, increase in the friction was observed with increasing 
tip velocity. The increase in friction with sliding velocity in air represents a rather common 
behavior for polymer surfaces [175,176,177,178,179,180]. A similar increase of nano-friction 
with sliding velocity has also been observed for PS films by Meyer et.al [169] and Overney 
et. al [181]. The viscoelastic dissipation during sliding of tip is supposed to occur mainly due 
to motion and disentanglement (and possibly scission) of polymer chains [169]. A higher 
sliding velocity leads to more dissipative losses caused by faster molecular motions [182], 
with reference to a characteristic relaxation time associated to chain mobility. Klein et. al 
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have shown that the normal forces between surfaces bearing grafted PS layers in a good 
solvent increase markedly when the compressed layers are sheared above certain critical shear 
rate which is comparable with the relaxation rate [183,184]. They have also reported that on 
stopping the applied lateral motion, a logarithmically slow relaxation of the stored stress was 
observed for two polyisoprene brush layers in contact [185]. The low friction and 
characteristic relaxation behavior following initial adhesive contact of the brushes developed 
with time to a solid-like response on shear of the confined chains and was attributed to 
bridging of chains adsorbed on the opposing surfaces as squeeze-out of the polymer occurred 
[185]. Relaxations in polymer chains occur at different length scales ranging from the 
monomer to a length of the whole polymer. It has been reported that the primary dissipation 
mechanism for dry sliding of a nanoscopic tip on glassy PS is through rotation of the phenyl 
groups [181].  
 
     Israelachvili et. al have investigated the adhesion and friction forces between two glassy 
polystyrene and poly-vinylbenzyl chloride surfaces using a surface forces apparatus (SFA), 
and found that cross-linking of the polymer surfaces reduce the adhesion and friction whereas 
increasing the number of the chain ends at the surfaces, either by scission or by addition of 
short chain polymers, leads to increased adhesion and friction [114]. In our studies, number of 
chain ends was increased by increasing the grafting density, hence, increase in the adhesion 
and friction with increasing grafting density was observed.  
  
5.3 Conclusions 
 
     In this chapter, we discussed effect of various factors on adhesion and friction forces on 
monobrushes as well as binary brushes. Adhesion and friction forces for brush surfaces 
increased with increase with the relative humidity from 5 to 80 %. However, switching in 
adhesion and friction were observed at all the relative humidities used. At all the relative 
humidities, switching in adhesion force and friction coefficient was higher for PS+P2VP 
brush surface treated with pH 2 water as compared to PS+P2VP brush surface treated with 
ethanol, with reference to PS+P2VP brush surface treated with toluene. Similarly, switching 
in adhesion and friction was higher for PS+PAA brush surface treated with pH 10 water as 
compared to PS+PAA brush surface treated with ethanol, with reference to PS+PAA brush 
surface treated with toluene. The adhesion and friction forces between the tip and brush 
surface increased with increase in the grafting density of the polymer brushes. Moreover, an 
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increase in the adhesion and friction forces was observed with increase in the P2VP or PAA 
content on the gradient brush surfaces. Furthermore, friction force between the surfaces was 
significantly influenced by the tip scan velocity. The deformation controlled friction was 
observed after reaching a critical velocity.  
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Chapter 6 
Wear in Polymer Brushes  
 
6.1  Introduction 
 
     Friction and wear studies on polymeric films and surfaces have been extensively studied in 
the past. These studies were basically motivated by the fact that friction and wear on a 
polymeric surface in contact with other surfaces are the important factors to be understood in 
order to fabricate nano- and micro-electromechanical devices. Studies have been reported in 
literature where wear studies were carried out to develop a better understanding of scanned 
probe lithography and patterning [186,187,188] as well as to develop a desirable coating for 
scanned-probe data storage [189,190,191].  
 
     Nanotribology [159] involves the experimental and theoretical study of interfacial 
processes on scales ranging from the atomic- and molecular- to the micro-scale, occurring 
during adhesion, friction, scratching, wear, indentation, and thin film lubrication at sliding 
surfaces. In recent years, AFM has become a popular experimental tool for the 
nanotribological studies since it can deal with small loads, low wear rates, and smooth 
surfaces. Moreover, it can also provide important information regarding effect of different 
molecular forces on the nanotribological behavior of polymeric surfaces. In AFM the surface 
height of the specimen is visualized by scanning a small probing tip in contact mode and the 
same tip is used to induce wear on the surface. Hence, AFM can be used to modify and 
manipulate the objects and surfaces at the nanometer or submicrometer scale. In AFM wear 
experiment, the tip can act as a model single-asperity contact between the sliding surfaces, as 
well as it provides the careful control of the applied force and scan velocity. 
 
     A number of studies have been reported where AFM tip has been used as a single 
nanocontact sliding over a polymer surface to investigate the wear modes for the different 
polymer surfaces. Ripple formation usually perpendicular to the scan direction has been 
reported as a typical wear mode for most of the polymer surfaces such as polystyrene (PS) 
[192,193,194,195,196], polyesters [197], polycarbonate (PC) [198,199,200], poly(tert-butyl 
acrylate) [201], poly(vinylchloride) [202], and polyacetylene [48]. Ripple formation has also 
been observed for Langmuir-Blodgett bilayers of a polyglutamate (PG) statistical copolymer 
[203]. Significant efforts have been made to investigate the dependence of the rippling 
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property on different experimental parameters such as scan number [193,194], tip velocity 
[48,204], applied force [48,205], molecular weight [121,194], and temperature [49,181, 
196,201].  
 
     In the past, nanowear studies have been reported mainly for thick polymer film surfaces. 
However, some limited wear studies have been reported on 25 – 100 nm thick films of surface 
grafted PS and poly(methyl methacrylate) (PMMA) [192]. Nanotribological studies have been 
reported for PS, poly(butyl acrylate) (PBA), PS+PBA, and Y-shaped binary molecule [with 
PS and poly(acrylic acid) (PAA) arms] brushes using AFM and custom built microtribometer 
[150,151,206]. 
 
     In this chapter, we report nanowear studies on 5 – 7 nm thin films of reversibly switchable 
binary polymer brushes (PS+P2VP and PS+PAA; 1:1 ratio) and respective monobrushes (PS, 
P2VP, and PAA). The nanowear studies were carried out using AFM in contact mode. The 
topography images captured after scanning the brush surface for different number of scans 
were analyzed which revealed the wear behavior of the different surfaces. The wear 
experiments were performed on the brush surfaces in series of steps to follow the wear 
process closely. The wear process will be explained on the basis of molecular entanglement as 
well as adhesion and friction at the sample surface. We will show that the wear process on 
monobrushes follows the wear mechanism similar to that observed for the corresponding spin 
coated films. Most interestingly, it will be shown that the wear behavior on binary brush 
surface could be controlled/tuned by treatment with appropriate selective solvents. Some wear 
studies were also carried out on macroscale to obtain some general idea about the wear 
behavior of the polymer surfaces in actual situations. 
 
6.2  Results and discussion 
 
     It is well known that a nanothin polymer brush surface may behave quite differently than a 
thick polymer film or sheet surface. Mixed polymer brushes are especially interesting since in 
this case the chemical composition of the surface can be switched by treatment with suitable 
selective solvents [107,108]. Hence, the properties like wettability, surface energy, adhesion, 
and friction of the mixed brush surface could be tuned on treatment with suitable solvent 
[107,108,109]. It may be expected that switching in these surface properties will also 
significantly influence the wear behavior of mixed polymer brushes [120].  
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     Wear experiments were first carried out on the PS, P2VP, and PAA monobrushes. The 
idea was to investigate the wear mode in ultrathin polymer brushes and to find out how it 
differs from the wear mechanism observed in the past for thick polymer films. For 
comparison, the wear behavior of spin-coated PS and P2VP thick films was also studied.  The 
wear mechanism observed for the monobrushes were then used to explain the wear behavior 
obtained for the stimuli-responsive chemically heterogeneous binary polymer brushes 
(PS+P2VP and PS+PAA).  
 
     During nanoscale investigation, scanning of the spin-coated films and surface-grafted 
brushes by an AFM tip led to modification of the surface morphology via different wear 
mechanisms for different surfaces. As discussed earlier the surfaces were modified by 
scanning with a definite number of scans and imaged. The process of scanning was divided 
into small steps (three wear experiments) consisting of small number of scans so that the 
modification of the surface could be followed closely. It must be noted that rms roughness 
given for the unmodified surfaces (before wear experiments) represent the roughness of whole 
area of the topography image (4 × 4 µm2), whereas, the roughness given for modified surfaces 
corresponds to the central area (2 × 2 µm2) scanned during the wear experiments. 
 
6.2.1  Nanowear in Spin-coated films 
6.2.1.1  PS films 
     For comparison, wear experiments were also carried out on ∼ 100 nm thick spin-coated 
films of PS and P2VP. Films of PS were smooth and displayed a roughness of 0.3 nm (Figure 
6.1 (a)). When surface was scanned, ripples were observed after 10 scans (Figure 6.1 (b)) with 
a spacing of 130 – 150 nm, and the roughness of the surface increased to 6.1 nm. After 25 
scans, the spacing between the ripples as well as the height of these ripples increased (Figure 
6.1 (c)). The roughness of the surface also increased to 14.5 nm. On further scanning the 
surface during second and third wear experiments, spacing between the ripples and rms 
roughness of the surface further increased (Figure 6.1 (d)). The degree of wear could be 
measured either by root mean square roughness of the surface or spacing between the ripples. 
Increase in the rms roughness and spacing between the ripples with increase in the number of 
scans, suggested that wear increased with the number of scans. Hence, wear on the surface 
was directly associated with number of scans on the surface. 
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Figure 6.1 AFM images of spin coated PS film captured after scanning the central 2 × 2 µm2 
area for different number of scans: (a) initial surface, (b) after 10 scans, (c) after 25 scans, and 
(d) after 75 scans (load = 8 nN; scan velocity = 40 µm/s). Image size is 4 × 4 µm2 and height 
scale is 15 nm for all the images. Number of scans and rms roughness (2 × 2 µm2) has been 
given in the section profiles. 
 
     For spin-coated films, wear mechanism could be understood on the basis of molecular 
weight, and hence entanglements of the polymer chains in contact with the scanning tip. For 
this purpose, average molecular weight between entanglements (Me) and critical molecular 
weight (Mc) of the polymer molecules in bulk can be used for discussion. Chain 
entanglements appear in spin-coated film (bulk) when the molecular weight is higher than Mc. 
In case of PS, molecular weight between entanglements (Me) is 18000 and critical molecular 
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weight (Mc) is ∼ 31000 [207,208]. The molecular weight of the PS (48000) used for spin-
coated film was much higher than Mc. So, molecular entanglements were present on the 
sample surface. Due to these entanglements, scanning tip could not carry away the molecule 
chains completely. Therefore, molecular segments were stretched to some extent followed by 
slipping of the tip. This stick-slip behavior of the tip resulted in the formation of periodic 
pattern i.e. ripples [121,203]. According to this model, ripples on the surface could be formed 
due to periodic transitions between ‘static’ (solid-like) and ‘kinetic’ (fluid-like) states caused 
by minor variation in the shearing force. The permanent deformation during ripple formation 
occurred via molecular displacement and conformational changes. This was in accordance 
with the literature reported for PS and other surfaces [121,203]. 
 
     Apart from model based on stick-slip of the tip and the surface, several other models have 
been reported to explain the rippling and wear. In case of polymer films, ripple formation has 
been explained by assuming that polymeric material accumulates ahead of the scanning tip 
during its sliding over the sample surface. Friction force on the AFM tip increases due to 
presence of the accumulated material. Finally, the friction force gets over the adhesion and 
load of the tip, and the tip passes over the mould. This procedure is repeated again and again. 
For this process to take place, polymer chains are displaced and partly pulled forward [196]. 
In case of PS spin-coated films, chain pullout was opposed by presence of molecular 
entanglements.   
 
    It must be mentioned here that ripple formation has also been understood as Schallamach 
wave theory which explains the formation of periodic structures when rubber slips on a hard 
smooth surface [209]. This model has been used to explain the ripple formation on a polymer 
surface during scanning by a tip [205,210]. In our experiments with PS spin-coated surface, 
ridges and valleys (ripples) with magnitude larger than the contact area (44.4 nm2; calculated 
using Hertz theory [3] taking tip radius = 20 nm, load = 8 nN, and elastic modulus = 3.0 GPa 
[3]) were observed. But, Schallamach waves at nanoscale should occur at magnitude smaller 
than the contact area [121]. Moreover, ripples at nanoscale are permanent, while Schallamach 
waves are due to local shear instability in the rubber surface and disappear after contact is 
broken. Furthermore, waves at macroscale appear and develop during the first passage, while 
ripple formation at nanoscale for PS spin-coated samples was directly related to multiple 
number of scan. Hence, the Schallamach wave theory cannot explain the ripple formation in 
the present case. 
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     Moreover, it is assumed in one approach that cracks are formed on the surface after certain 
shear stress has been exceeded [198,211]. According to this model, ripple formation is caused 
by the release of strain after breaking bonds and the subsequent relaxation of the tip. 
Furthermore, still another model focuses on the energy dissipation during scanning of the 
surface. Energy can be dissipated via relaxation phenomena in the polymer [181,195].  
 
      The formation of ripples and spacing between the ripples is affected by the tip shape and 
status. It is the pressure and not the applied load, in combination with the contribution of 
surface mechanical properties that determines the mechanism of ripple formation [121]. In 
present wear experiment involving ripple formation, some polymer material was observed to 
get accumulated at the rim, especially at higher scan numbers (Figure 6.1 (d)). This suggested 
that some breaking of polymer chains took place in these cases. Some of these broken chain 
segments could adhere to the scanning tip reducing its sharpness. Hence, there was a 
possibility that scanning tip at higher scan numbers was not as sharp as that at beginning of 
wear experiment, at lower scan numbers. Such a blunt or coated tip exerts a lower pressure to 
the surface, which results in lower penetration and higher ripple spacing [121]. Hence, in our 
experiments, spacing between the ripples increased with increase in the scan number. 
 
6.2.1.2  P2VP films 
     The spin-coated films of P2VP (∼ 100 nm thick) were also smooth with an rms roughness 
of 0.2 nm (Figure 6.2 (a)). The wear mode observed here was totally different than that 
observed for the PS films. As could be observed from the topography image captured after 10 
scans, typical wear mode observed was the removal of the polymer chains to the rim of the 
scanned area (Figure 6.2 (b)). On further scanning the surface, more material was removed 
and carried to the rim (Figure 6.2 (c)). Roughness of the surface also increased further on 
increase in the number of the scans during second and third wear experiments. Increase in the 
roughness indicated that extent of wear on the surfaces increased with increase in the number 
of scans. 
 
     Similar to PS films, wear mechanism for P2VP films can also be explained on the basis of 
molecular entanglements. The Me for P2VP is 27000 [207] and the onset of entanglement 
effects appear at Mc ≥ 2-3 Me [122]. Hence, chain entanglements in P2VP appear when the 
molecular weight is higher than 54000. In our experiments, the molecular weight of P2VP 
used for spin-coating the film was 40600 which was well below Mc, therefore, molecular 
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entanglements were expected to be absent. Hence, in this case, during nanowear experiments 
the P2VP chains were easily rearranged as they were not interwoven and, furthermore, were 
carried to the rim of scanned area forming bundle of accumulated material (Figure 6.2 (c)). 
Moreover, transfer of polymer chains was also facilitated by the higher adhesion force (15.1 
nN) and friction coefficient (0.0091) for the P2VP film than the adhesion force (12.6 nN) and 
friction coefficient (0.0052) for the PS film. The formation of bundle at the rim was a clear 
indication of viscous yield which suggested that polymer entanglements were absent at the 
sample surface [121]. This wear behavior of the P2VP spin-coated film was similar to that 
observed for the PS films with molecular weight lower than the critical molecular weight 
[121].   
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Figure 6.2 AFM images of spin coated P2VP film captured after scanning the central 2 × 2 
µm2 area for different number of scans: (a) initial surface, (b) after 25 scans, and (c) after 75 
scans (load = 8 nN; scan velocity = 40 µm/s). Image size is 4 × 4 µm2 and height scale is 5 
nm for all the images. Number of scans and rms roughness (2 × 2 µm2) has been given in the 
section profiles. 
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6.2.2  Nanowear in monobrush surfaces 
6.2.2.1  PS brushes treated with toluene 
     Topography image of the PS monobrush surface treated with toluene (Figure 6.3 (a)) 
showed that the brush layer was quite smooth and displayed a rms roughness of 0.2 nm. After 
first wear experiment, ripple formation was clearly observed in most of the area where wear 
test was performed (Figure 6.3 (b)). Typical height of the ripples formed was ∼ 2 nm. The 
boundaries of ripples formed were not so clear in the image, which showed that at this stage 
ripple formation had just started. The rms roughness of the polymer brush surface increased to 
0.4 nm after first wear experiment, as compared to that for the brush surface before wear test 
(0.2 nm) (Figure 6.4). After second wear experiment, ripples were clearly visible all over the 
scanned area. Typical distance between the ripples and the height of the ripples were 
increased further during second wear experiment. The roughness of the surface also increased 
to 0.5 nm (Figure 6.4). Third and final wear experiment further modified the topography of 
the polymer brush surface (Figure 6.3 (c)). As a result of the scanning, the roughness of the 
polymer brush surface further increased to 0.6 nm as compared to that after the second wear 
experiment (Figure 6.4). Typical distance between the ripples increased and was in the range 
of 130 – 140 nm. The height of the ripples also increased after the third wear experiment (∼ 
2.5 nm). Increase in the roughness as well as height and spacing of ripples indicated that wear 
on the surface increased with increase in the scan numbers. 
 
         In case of polymer brush samples, molecular weight of the polymer chains was same as 
the molecular weight of the polymer chains used for the spin-coated films. In our 
experiments, molecular weight of PS (48000) is higher than its Mc (∼ 31000). In contrast to 
the spin-coated films where both ends of the polymer chain are free, one end of polymer 
chains in the brush samples is attached to the surface via chemical bonding. Therefore, it 
could be expected that actual Mc value for grafted polymer chains is higher than that for the 
unconstrained polymer chains in bulk. No entanglements were expected for P2VP brush 
surface (treated with ethanol). However, some entanglements might be expected for PS 
monobrushes on the basis of studies reported by Tsukruk et. al. where they reported that 
spatial constrains imposed by grafting of polymer chain ends only modestly influences the 
formation of chain entanglements in thin brush layer [212]. Wear on the PS monobrush 
surface occurred via ripple formation involving stick-slip mechanism as observed for PS spin-
coated films. The permanent deformation during ripple formation occurred via displacement 
of chain segments at free end and conformational changes. For PS brush surface, ridges and 
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valleys (ripples) with magnitude larger than the contact area (44.4 nm2; calculated using Hertz 
theory) were observed. Hence, ripple formation for PS brush surface cannot be explained on 
the basis of Schallamach theory, as explained above. 
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Figure 6.3 AFM images of PS brush surface (treated with toluene) captured after scanning 
the central 2 × 2 µm2 area for different number of scans: (a) initial surface, (b) after 25 scans, 
and (c) after 75 scans (load = 8 nN; scan velocity = 40 µm/s). Image size is 4 × 4 µm2 and 
height scale is 5 nm for all the images. Number of scans and rms roughness (2 × 2 µm2) has 
been given in the section profiles. 
 
     The wear on spin-coated PS film as well as PS brush surface involved formation of ripples. 
It was observed that after 25 scans, rms roughness and spacing between the ripples for spin-
coated film of PS was higher than that for the PS brush surface. This suggested that extent of 
wear on PS brush surface was lower than that for the spin-coated PS film. This decrease in the 
wear for PS brush surface was due to the additional stabilization provided by the chemical 
grafting of polymer chains to a substrate. 
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Figure 6.4 Variation in root mean square roughness as a function of number of scans for 
different polymer brush surfaces treated with selected solvents (PS+P2VP brush system). 
 
6.2.2.2  P2VP brushes treated with ethanol 
     The P2VP monobrush surface treated with ethanol was smooth and displayed the root 
mean square roughness of 0.3 nm (Figure 6.5 (a)). The brush surface imaged after the first 
wear experiment showed that material was removed from the surface during the scanning and 
piled up at the rim of the scanned area in form of a bundle (Figure 6.5 (b)). The height and 
width of this bundle were ∼ 4.5 nm and 180 - 200 nm respectively. The roughness of the 
P2VP brush surface increased to 0.6 nm (Figure 6.4). During second wear experiment, more 
polymeric material was removed and piled up at the rim of the scanned area. The height as 
well as width of the bundle of piled up material increased as compared to that for the surface 
after the first wear experiment. The roughness of the scanned area also increased to 0.9 nm 
(Figure 6.4). After third wear experiment, a further deterioration of the surface was observed 
because of increased wear (Figure 6.5 (c)). The height (6.5 nm) and width (250 – 260 nm) of 
the bundle of piled up material at the rim of scanned area further increased as compared to 
that for the surface before the third wear experiment (height = 5.5 nm, width = 225 – 240 nm). 
The rms roughness of the mixed brush surface also increased to 1.1 nm as compared to that 
for the brush surface after the second wear test (0.9 nm) (Figure 6.4). 
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Figure 6.5 AFM images of P2VP brush surface (treated with ethanol) captured after scanning 
the central 2 × 2 µm2 area for different number of scans: (a) initial surface, (b) after 25 scans, 
and (c) after 75 scans (load = 8 nN; scan velocity = 40 µm/s). Image size is 4 × 4 µm2 and 
height scale is 5 nm for all the images. Number of scans and rms roughness (2 × 2 µm2) has 
been given in the section profiles. 
 
     For P2VP brushes, the molecular weight of P2VP (40600) was lower than its Mc (≥ 
54000). Hence, no entanglements were expected for P2VP brush surface. For P2VP brush 
surface, formation of bundle of removed material was observed at the rim of the scanned area. 
This was totally different wear behavior as compared to the ripple formation observed for the 
PS brush surface. This behavior of P2VP brush surface was similar to P2VP spin-coated 
surface. The removal of polymeric material indicated that the breaking of polymer chains 
occurred in case of P2VP brush surface as compared to negligible breaking of polymer chains 
for PS brush surface. 
 
     The other factors influencing the nanowear were the adhesion and friction forces [120]. 
The adhesion force for PS brush surface (12.8 nN) was lower than P2VP brush surface (14.9 
nN). Similarly, friction coefficient for PS brush surface (0.0053) was lower than that for the 
P2VP brush surface (0.0089). This was mainly due to stronger interaction of hydrophilic 
Si3N4 tip with hydrophilic P2VP chains, as compared to interaction with hydrophobic PS 
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chains [213]. Hence, this higher adhesion and friction force for P2VP brush surface as 
compared to PS brush surface could also be related to breaking of chains and transfer of 
broken chain segments to the rim of the scanned area for P2VP brush surface, while 
negligible chain breaking for PS brush surface. We must mention here that any effect of 
chain-ends, which in the past have been used to explain adhesion and friction behavior of 
polymeric surface in some cases [114] and can affect the wear, was excluded in the present 
case since one of the surfaces involved in the wear was AFM tip which could not be 
penetrated by the polymer chains. 
 
     In case of spin-coated P2VP film and P2VP brushes, wear occurred via removal of 
polymeric material to the rim. However, in spite of chemical grafting of chains in P2VP brush 
surface, it was found that extent of wear on P2VP brush surface was higher than that for the 
spin-coated P2VP film. At present this behavior for P2VP is not clear. 
 
6.2.2.3  PAA brushes treated with pH 10 water 
     The topography image of the PAA brush surface treated with pH 10 water is shown in 
Figure 6.6 (a). Root mean square roughness of the surface (0.55 nm) obtained from the 
topography image indicated that the brush surface was smooth. The topography image 
captured after first wear experiment is presented in Figure 6.6 (b). As could be observed from 
Figure 6.6 (b), polymeric material was removed from the surface during the scanning and 
piled up at the rim of the scanned area in form of a bundle. The roughness of the PAA brush 
surface increased to 2.91 nm after the first wear experiment (Figure 6.7). It was observed that 
more polymeric material was removed and piled up at the rim of the scanned area during 
second wear experiment. The roughness of the surface further increased to 3.21 nm (Figure 
6.7). The topography image captured after third wear experiment is presented in Figure 6.6 
(c). As could be observed from the topography image, more material was removed from the 
surface. The roughness of the scanned area also increased further to 3.65 nm (Figure 6.7). 
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Figure 6.6 AFM images of PAA brush surface (treated with pH 10 water) captured in contact 
mode after scanning the central 2 × 2 µm2 area for different number of scans: (a) initial 
surface, (b) after 25 scans, and (c) after 75 scans (load = 8 nN; scan velocity = 40 µm/s). 
Image size is 4 × 4 µm2 and height scale is 8 nm for all the images. Number of scans and rms 
roughness (2 × 2 µm2) has been given in the section profiles. 
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Figure 6.7 Variation in root mean square roughness as a function of number of scans for 
different polymer brush surfaces treated with selected solvents (PS+PAA brush system). 
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    The wear mechanism for PAA brush surface by removal of polymeric material was in 
contrast to the ripple formation as a principle wear mechanism observed for the PS brush 
surface treated with toluene. However, wear behavior of PAA brush surface was similar to the 
wear behavior observed for the P2VP brush surface. The adhesion force (25.4 nN) and 
friction coefficient (0.0099) for PAA brush surface were highest among monobrushes. The 
higher adhesion and friction forces between the tip and the brush surface were responsible for 
the breaking of polymer chains and transfer of broken chain segments to the rim. 
 
6.2.3  Nanowear in PS+P2VP binary brushes  
     Quite interesting mechanisms of wear were observed for the PS+P2VP binary brushes 
treated with different selective solvents. Our results which have been discussed below show 
that composition of the top layer on the dried PS+P2VP brush surfaces determine the mode of 
wear. 
 
6.2.3.1  PS+P2VP brushes treated with toluene 
     PS+P2VP binary brush surface treated with toluene was significantly smooth with rms 
roughness of 0.3 nm (Figure 6.8 (a)). In the present case, as toluene was a selective solvent 
for PS, hence, PS chains dominated the surface of the mixed brush after drying. Therefore, 
wear mechanism similar to PS brushes (treated with toluene) was expected here. After first 
wear experiment, ripples with clear boundaries could be observed (Figure 6.8 (b)). This was 
in contrast to the case of PS monobrushes treated with toluene where ripple formation was in 
starting phase after the first wear test and boundaries of the ripples formed were not so clear. 
The height of the ripples formed due to scanning the surface was ∼ 5 nm. Two long ripples 
perpendicular to the fast scan axis were observed at the rim of the scanned area with a height 
of ∼ 9 nm. These ripples of approximately double height, as compared to normal ripples, at 
the rim suggests that the some material is worn out of the brush surface due to interaction 
with the tip during the scanning and was carried by the tip to the rim of the scanned area. The 
spacing between the ripples was observed in the range of 180 – 195 nm. The rms roughness of 
the PS+P2VP brush surface increased to 1.8 nm. It was 6 times larger than the roughness of 
the original brush surface (0.3 nm) before wear test (Figure 6.4). After second wear 
experiment, distance between the ripples on the brush surface increased to 220 – 230 nm. The 
surface roughness and height of the ripples also increased to 2.5 and ∼ 8 nm, respectively. The 
surface roughness as well as ripple height and spacing further increased after the third wear 
experiment (Figure 6.8 (c)). 
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     For PS+P2VP brush surface treated with toluene, top layer of the surface was enriched 
with PS chains. Hence, the wear mechanism on such a surface can be understood as explained 
for the PS brush surface. Moreover, adhesion force (13.1 nN) and friction coefficient (0.0056) 
for this surface was almost equal to the PS monobrush surface treated with toluene. Hence, 
the mechanism observed for this sample was same as that observed for the PS monobrush 
surface i.e. wear involved formation of ripples via stick-slip mechanism of the tip.  
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Figure 6.8 AFM images of PS+P2VP brush surface (treated with toluene) captured after 
scanning the central 2 × 2 µm2 area for different number of scans: (a) initial surface, (b) after 
25 scans, and (c) after 75 scans (load = 8 nN; scan velocity = 40 µm/s). Image size is 4 × 4 
µm2 and height scale is 6 nm for all the images. Number of scans and rms roughness (2 × 2 
µm2) has been given in the section profiles. 
 
6.2.3.2  PS+P2VP brushes treated with ethanol 
     The topography image of the PS+P2VP binary brush surface treated with ethanol is shown 
in Figure 6.9 (a). The root mean square roughness of the mixed brush surface treated with 
ethanol (1.1 nm) was higher as compared to that for the binary brush treated with toluene (0.3 
nm). As ethanol was a selective solvent for P2VP, hence, P2VP chains dominated the surface 
and wear mechanism similar to P2VP brushes (treated with ethanol) was expected. The 
topography  image  of  the  surface   captured  after  first   wear  experiment  shows  that  wear  
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Figure 6.9 AFM images of PS+P2VP brush surface (treated with ethanol) captured after 
scanning the central 2 × 2 µm2 area for different number of scans: (a) initial surface, (b) after 
25 scans, (c) after 75 scans, and (d) after 100 scans (load = 8 nN; scan velocity = 40 µm/s). 
Image size is 4 × 4 µm2 and height scale is 6 nm for all the images. Number of scans and rms 
roughness (2 × 2 µm2) has been given in the section profiles. 
 
occurred via removal of the material and formation of heaps of the material (Figure 6.9 (b)). 
There were only few heaps observed in the area of the upper part of the image. The density of 
the heaps was higher in middle and lower parts of the image. Also the density of the heaps 
was higher towards the rim at the right hand side of the mage. It was due the fact that the 
material removed from the surface was carried to the rim. The height of the heaps observed 
was in the range of 5 – 6 nm. The rms roughness of the PS+P2VP brush surface increased to 
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1.4 nm as compared to that for the brush surface (1.1 nm) before wear experiment (Figure 
6.4). After second wear experiment, density of the heaps increased across the whole scanned 
area. The height of the heaps as well as the rms roughness of the binary brush surface also 
increased after second wear experiment (Figure 6.4). 
 
     After third wear experiment, it was quite interesting to notice that heap as well as ripple 
formation was visible on the image (Figure 6.9 (c)). The height of the heaps/ripples was 
observed in the range of 6 – 8 nm. The roughness of the surface increased to the 1.7 nm as 
compared to that for the surface before the third wear experiment (Figure 6.4). To further 
investigate this special wear mechanism where heap formation was followed by ripple 
formation, a fourth wear experiment was carried out by scanning the surface for 25 times. 
After fourth wear experiment, density as well as length of the ripples increased at the expense 
of decrease in the density of the heaps (Figure 6.9 (d)). The height of the ripples/heaps was 
similar to that before the fourth wear experiment. The roughness of the surface increased to 
2.1 nm.  
 
     In case of PS+P2VP brush treated with ethanol, top layer of the surface was enriched with 
P2VP chains. As explained earlier, molecular entanglement was absent in this case since 
molecular weight of the P2VP (40600) was lower than critical molecular weight Mc (≥ 54000) 
required for the onset of entanglement. In this case, adhesion force and friction coefficient 
were 14.6 nN and 0.0091, respectively. Similar to P2VP brush surface, wear process involved 
breaking of polymer chains by the scanning tip. This breaking of chains was facilitated by the 
higher adhesion force and friction coefficient for binary brush treated with ethanol as 
compared to that for the binary brush treated with toluene. But, heaps of the material was not 
only observed at the rim but also in the scanned area. This wear behavior was different than 
that in P2VP monobrushes where broken chains were collected at the rim to form the bundle 
of material. After a critical number of scans, density of the heaps on the surface was high 
enough such that boundaries of the adjacent heaps touched each other. With repeated 
scanning, adjacent heaps joined each other and formed ripples. Such a mechanism for ripple 
formation in this case was also corroborated by the fact that ripples were formed mostly 
where the density of heaps was greater. The formation of ripples in this sample where P2VP 
dominated the surface could be further explained by the fact that after few scans when the top 
P2VP layer was completely removed, PS chains were exposed to the surface. As seen above, 
typical wear mode on polymer brush surfaces with PS chain on the top involved formation of 
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ripples. Hence, these exposed PS chains in present case might also have contributed in 
formation of ripples.    
 
6.2.3.3  PS+P2VP brushes treated with pH 2 water 
     The topography image of the PS+P2VP binary brushes treated with acidic water is shown 
in Figure 6.10 (a). The rms roughness of the surface (0.7 nm) was higher than that for the 
PS+P2VP brush treated with toluene (PS chains dominate the binary brush surface) but lower 
than that for the binary brush treated with ethanol (1.1 nm). Since acidic water was a selective 
solvent for P2VP, P2VP chains dominated the binary brush surface. Hence, the wear 
mechanism was expected to be similar to ethanol treated P2VP monobrushes or binary 
brushes. However, the topography images of the surface after first wear experiment (Figure 
6.10 (b)) revealed a complex wear mechanism on the surface with formation of ripples like 
structures which were not homogeneous throughout the scanned area. The height of these 
structures of polymeric material was observed in the range of 4 – 6 nm. Some structures of 
height up to ∼ 7.5 nm were observed in the center of the scanned area (Figure 6.10 (b)). On 
further scanning of the surface during second and third wear mechanism, ripple like structured 
were disappeared and removal of polymeric material took place. The removed material was 
accumulated in centre of scanned area in form of larger heaps of irregular size and shape 
(Figure 6.10 (c)). Similar to other brush surfaces, rms roughness of the sample surface 
increased with number of scans (Figure 6.4). Observed rms roughness values for surface 
before the wear experiment, and after first, second and third wear experiments were 0.7, 1.2, 
1.3, and 1.4 nm, respectively. 
 
     For PS+P2VP brush treated with pH 2 water, top layer of the surface was enriched with 
P2VP chains. Hence, molecular entanglement could be assumed to be absent. However, in 
this case, adhesion force (19.8 nN) and friction coefficient (0.0098) were higher than binary 
brush surfaces treated with toluene and ethanol. Some ripple like structures (not 
homogeneous) were observed initially (after 25 scans) suggesting stick-slip of the scanning 
tip. However, after 75 scans, formation of heaps of irregular size and shape were observed. 
This suggested that wear process involved breaking of polymer chains. But, wear process 
involved accumulation of broken chains in the centre of the scanned area. This was in contrast 
to wear on P2VP and PS+P2VP brushes treated with ethanol, where broken chains were 
accumulated at the rim of the scanned area. The reason for this anomalous wear behavior of 
PS+P2VP brush surface treated with acidic water is not clear to us at present. However, such 
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a complex wear process could be due to the highly hydrophilic nature of these brushes. The 
P2VP chains dominated the surface of these samples and were in ionized state [124]. 
 
     As discussed above, wear mode on the PS+P2VP binary brush surface was different when 
it was treated with different selective solvents. Hence, wear mode on the binary brush surface 
can be simply controlled/tuned by treatment of the surface with different selective solvents. 
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Figure 6.10 AFM images of PS+P2VP brush surface (treated with acidic water) captured 
after scanning the central 2 × 2 µm2 area for different number of scans: (a) initial surface, (b) 
after 25 scans, and (c) after 75 scans (load = 8 nN; scan velocity = 40 µm/s). Image size is 4 × 
4 µm2 and height scale is 6 nm for all the images. Number of scans and rms roughness (2 × 2 
µm2) has been given in the section profiles. 
 
6.2.4  Nanowear in PS+PAA binary brushes 
     Similar to PS+P2VP binary brushes, nanowear results discussed below for PS+PAA binary 
brushes show that composition of the top layer on the dried binary brush surfaces determine 
the mode of wear. 
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6.2.4.1  PS+PAA brushes treated with toluene 
     It was observed from Figure 6.11 (a) that PS+PAA binary brush surface treated with 
toluene was smooth and displayed the rms roughness of 0.54 nm. Top of the binary brush 
surface was dominated by PS chains, hence, wear mechanism similar to that observed for the 
PS brush surface was expected. Topography image captured after first wear experiment 
showed that ripple formation took place on the brush surface (Figure 6.11 (b)). The spacing 
between the ripples was observed in the range of 150 – 170 nm. The rms roughness of the 
brush surface increased to 1.70 nm. This was approximately three fold increase in the rms 
roughness as compared to that for the unmodified original surface (Figure 6.7). The PS+PAA 
binary brush surface was further modified by the scanning tip during second and third wear 
experiments (Figure 6.11 (c)). The distance between the ripples on the surface further 
increased as a result of interaction between the tip and the surface during further scanning the 
central region. Roughness of the brush surface also increased to some extent during second 
and third wear experiments.  
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Figure 6.11 AFM images of PS+PAA brush surface (treated with toluene) captured in contact 
mode after scanning the central 2 × 2 µm2 area for different number of scans: (a) initial 
surface, (b) after 25 scans, and (c) after 75 scans (load = 8 nN; scan velocity = 40 µm/s). 
Image size is 4 × 4 µm2 and height scale is 8 nm for all the images. Number of scans and rms 
roughness (2 × 2 µm2) has been given in the section profiles. 
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     For PS+PAA brush surface treated with toluene, top layer of the surface was enriched with 
PS chains and adhesion force (13.2 nN) and friction coefficient (0.0059) were almost equal to 
the PS monobrush surface treated with toluene. Hence, the mechanism observed for this 
sample was same as that observed for the PS and PS+P2VP brushes treated with toluene i.e. 
wear involved formation of ripples via stick-slip mechanism of the tip. Moreover, extent of 
wear on the surface increased with increase in the number of scans. 
 
6.2.4.2  PS+PAA brushes treated with ethanol 
     The topography image of the PS+PAA binary brush surface treated with ethanol is shown 
in Figure 6.12 (a). As evident from topography image, the surface was smooth with rms 
roughness of 0.93 nm. But this was higher than the roughness of the PS+PAA brush surface 
treated with toluene (0.54 nm). Since ethanol was a selective solvent for PAA chains, PAA 
chains dominated the brush surface in case of PS+PAA binary brushes treated with ethanol; 
hence, the wear mechanism similar to PAA monobrushes was expected. As could be observed 
from topography of the surface after first wear experiment (Figure 6.12 (b)), wear on the 
sample surface occurred via removal of the polymeric material. Some heaps of the removed 
polymeric material were observed in the central region scanned during the wear experiment. 
The roughness of the sample surface increased to 0.98 nm. Size and density of these heaps 
increased on further scanning the polymer brush surface during second and third wear 
experiments (Figure 6.12 (c)). Rms roughness of the surface also increased slightly during 
second and third wear experiments (Figure 6.7).  
 
     The adhesion force (22.3 nN) and the friction coefficient (0.0086) values for PS+PAA 
brush treated with ethanol were higher than that for the PS+PAA brush treated with toluene. 
Hence, chain breaking was involved here during the wear process in contrast to the wear 
process observed for PS+PAA brush treated toluene (negligible chain breaking). However, in 
this case, removal of the broken chain segments to the rim as observed in the case of PAA 
brush surface was absent. 
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Figure 6.12 AFM images of PS+PAA brush surface (treated with ethanol) captured in contact 
mode after scanning the central 2 × 2 µm2 area for different number of scans: (a) initial 
surface, (b) after 25 scans, and (c) after 75 scans; (d) after 100 scans (load = 8 nN; scan 
velocity = 40 µm/s). Image size is 4 × 4 µm2 and height scale is 8 nm for all the images. 
Number of scans and rms roughness (2 × 2 µm2) has been given in the section profiles. 
 
6.2.4.3  PS+PAA brushes treated with pH 10 water 
     The unmodified PS+PAA brush surface (treated with pH 10 water) before any wear 
experiment was smooth with rms roughness of 0.91 nm (Figure 6.13 (a)). Since pH 10 water 
was a selective solvent for PAA chains, top of the binary brush surface was occupied by PAA 
chains. Hence, wear mechanism similar to that observed for the PAA monobrushes (treated 
with pH 10 water) was expected. It was observed after first wear experiment that the wear on 
the surface occurred via removal of the material to the rim of the scanned area (Figure 6.13 
(b)). The bundles of the collected material at the rim were observed in the topography images.  
Rms roughness of the surface increased (2.10 nm) as compared to roughness of the surface 
before the wear experiment. The height and thickness of the bundles at rim increased further 
during second and third wear experiments (Figure 6.13 (c)). Similar to other surfaces, rms 
roughness of the sample surface increased with number of scans. The rms roughnesses of the 
sample surface after second and third wear experiments were 2.65 and 3.22 nm respectively 
(Figure 6.7).  
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Figure 6.13 AFM images of PS+PAA brush surface (treated with pH 10 water) captured in 
contact mode after scanning the central 2 × 2 µm2 area for different number of scans: (a) 
initial surface, (b) after 25 scans, and (c) after 75 scans (load = 8 nN; scan velocity = 40 
µm/s). Image size is 4 × 4 µm2 and height scale is 8 nm for all the images. Number of scans 
and rms roughness (2 × 2 µm2) has been given in the section profiles. 
 
     Similar to PAA (treated with pH 10 water) and PS+PAA (treated with ethanol) brushes, 
breaking of polymer chains occurred during the wear process. The adhesion force (25.6 nN) 
and friction coefficient (0.0102) for PS+PAA brush treated with pH 10 water were higher 
than that for the PS+PAA brushes treated with ethanol. Hence, in this case, broken chain 
segments were transferred to the rim which was in contrast to the PS+PAA brushes treated 
with ethanol. 
 
     As discussed above, wear mode on the PS+PAA binary brush surface can be 
controlled/tuned by treatment of the surface with different selective solvents. 
 
6.2.5  Load and speed dependence 
     Load and speed dependence of the wear process on PS (treated with toluene) is presented 
in Figure 6.14.  Figure 6.14 (a) shows the wear process on PS monobrushes at applied load of 
8 nN and scan speed of 40 µm/s. The PS brush surface after scanning at higher load (32 nN) 
Wear in Polymer Brushes 
 108 
and higher speed (100 µm/s) is presented in Figure 6.14 (b) and Figure 6.14 (c), respectively. 
As could be observed from Figure 6.14, wear on the surface was higher when scanning was 
carried out at higher applied load as compared to that at a lower applied load. It was also 
suggested by higher surfaces roughness (0.65 nm) observed for the surface scanned at higher 
load as compared to that observed for the surface scanned at lower load (0.42 nm). However, 
when surface was scanned at a higher scan speed, lesser wear was observed (surface 
roughness = 0.38 nm) on the surface as compared to that observed for the surface scanned at a 
lower scan speed. 
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Figure 6.14 AFM images of PS brush surface (treated with toluene) captured in contact mode 
after scanning the central 2 × 2 µm2 area for 25 of scans at: (a) load = 8 nN, scan velocity = 
40 µm/s, (b) load = 32 nN, scan velocity = 40 µm/s, and (c) load = 8 nN, scan velocity = 100 
µm/s. Image size is 4 × 4 µm2 and height scale is 5 nm for all the images. Number of scans 
and rms roughness (2 × 2 µm2) has been given in the section profiles. 
 
     For the PS brush surface, a higher degree of wear was observed at higher applied load as 
compared to the wear observed at lower load. This was due to fact that higher load was 
responsible for stronger interaction between the tip and brush surface as compared to 
interaction between surfaces at lower load. This stronger interaction between surfaces in 
contact resulted in higher extent of wear. In case of scanning at higher speed, lower residence 
time was available for formation of contact between the tip and the brush surface as compared 
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to the residence time available at a lower scanning rate. Hence, interaction between the 
surfaces at higher scanning rate was weaker as compared to that at lower scanning rate. This 
was responsible for higher wear at the lower scan rate as compared to the wear at higher scan 
rate. Similar dependence on load and scan speed was also observed for wear process on other 
sample surfaces. 
 
6.2.6 Macrowear investigations  
     Wear investigations on macroscale were carried out with nanoindenter using glass sphere 
probe with radius of curvature 1000 µm. PS and P2VP monobrushes and spin-coated films, 
bare silicon wafer, and PS injection moulded sample were used for this purpose. Different 
loads of 0.4, 4, and 40 mN were used for making the scratches on the surfaces.  
 
     For all the surfaces investigated at small load of 0.4 mN, it was not possible to estimate the 
friction coefficient as contact between surfaces was not stable due to low applied load. On 
increasing the load to 4 mN, friction coefficients for different surfaces increased, but there 
was still much fluctuation in friction coefficients due to instability of the probe as surfaces 
were in contact at top of the asperities only. On further increasing the load to 40 mN, friction 
coefficients further increased and stable contacts between the surfaces were formed due to 
deformation of asperities and fluctuation in friction coefficients were very small. 
 
     In case of monobrush surfaces treated with selective solvents, the wear on the surfaces at 
40 mN applied load has been presented in Figure 6.15. In both the PS and P2VP brush 
surfaces, the removed polymer material could be observed at the boundaries of the scratches. 
The extent of the wear was similar in both the surfaces. For PS brush surface, the friction 
coefficient was almost constant along the scratch on increasing the number of scratches. On 
the other hand, friction coefficient increased slightly (by ∼ 0.08) for 50th scratch as compared 
to 1st scratch. The friction coefficient along the 50th scratch using load of 40 mN for 
hydrophobic PS brush surface treated with toluene (0.20 ± 0.01) was lower than that for the 
hydrophilic P2VP brush surface treated with ethanol (0.35  ± 0.02) (Figure 6.16). Maximum 
contact pressure (calculated as mentioned in section 4.2.5) obtained using 50 nN applied load 
in case of silica sphere colloidal probe (4.0 x 106 N/m2) and Si3N4 tip (331.4 x 106 N/m2) 
during AFM friction measurements will be same to the maximum contact pressure in case of 
nanoindenter when applied load will be 2 mN and 125 N, respectively [160]. So, contact 
pressure used here was much lower than that used for the friction measurements using Si3N4 
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tip. However, the friction coefficients obtained here for PS and P2VP brushes using 
nanoindenter were higher than those obtained using Si3N4 tip (< 0.02). This was due to higher 
contact area for the nanoindenter probe as compared to other probes [115,116]. However, 
nanoindenter probe was not stable and valid measurement of friction coefficient was not 
possible when we use the contact pressure same as that in the case of silica sphere colloidal 
probe (at 2 mN load). 
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Figure 6.15 Images of the brush surfaces after scratching the surface for 50 times at the same 
position using nanoindenter glass sphere probe of tip radius 1000 µm and applied load of 40 
mN: (a) PS brush surface treated with toluene and (b) P2VP brush surface treated with 
ethanol. 
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Figure 6.16 Friction coefficients along 50th scratch for different surfaces scratched for 50 
times at the same position using nanoindenter glass sphere probe of tip radius 1000 µm and 
applied load of 40 mN. 
Wear in Polymer Brushes 
 111 
     The wear on the PS and P2VP spin-coated films after 50 scratches using different applied 
loads has been presented in Figure 6.17. Here, we can consider width of the scratch as the 
measure of the extent of wear. At 0.4 mN load, some deformation was observed on both the 
surfaces. It was observed that the width of the scratch in both the spin-coated films increased 
as applied load was increased from 0.4 to 40 mN, causing damage on the surface. Hence, 
similar to the brush surfaces, wear increased in the spin-coated films on increasing the applied 
load. It was observed that at 40 mN applied load, the width of the scratch and hence the 
amount of wear was higher for P2VP spin-coated film as compared to the PS spin-coated 
film. This was due to the fact that the interaction between the hydrophilic glass probe surface 
and hydrophilic P2VP chains was stronger as compared to that between the probe surface and 
the hydrophobic PS chains. The friction coefficient along the 50th scratch using 40 mN load 
for hydrophobic PS spin-coated surface (0.18 ± 0.01) was lower than that for the hydrophilic 
P2VP spin-coated surface (0.35 ± 0.02) (Figure 6.16). These values for the friction coefficient 
for spin-coated films were different from that for the bare silicon wafer (∼ 0.22 ± 0.01) under 
same conditions (Figure 6.16). This indicated that the polymer films were not completely 
removed from the silicon wafer. In case of injection moulded PS surface, friction coefficient 
(0.19 ± 0.03) was almost same as in the case of PS spin-coated surface. On increasing the 
number of scratches, the friction coefficient along the scratch decreased slightly in case of PS 
spin-coated film and injection moulded PS surface, while remained constant for P2VP spin-
coated film and Si wafer.  
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Figure 6.17 Images of the spin-coated surfaces after scratching the surfaces for 50 times at 
the same position using nanoindenter glass sphere probe of tip radius 1000 µm and applied 
loads of 0.4, 4, and 40 mN: (a) PS spin-coated film (b) P2VP spin-coated film. 
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     As discussed above, macroscale wear occurred via removal of the polymer material to 
sides of the scratch. This was in contrast to the nanowear experiments using AFM, where 
sharp Si3N4 tip was used to induce wear on the surface, and specific wear mechanisms were 
observed. This was due to the fact that wear by sharp tip using AFM represents the extreme 
case of single asperity contact, hence, wear patterns generated by the scanning by a scanning 
tip could be observed. On the other hand, in case of macroscale wear investigations using 
nanoindenter, probe and surfaces were in contact at several asperities. Hence, overall effect of 
the wear was averaged by all the asperity contacts and no specific wear mechanism could be 
observed.  
 
6.2.7  Discussion  
     Nanowear and macrowear studies were carried out in polymer brush surfaces and polymer 
films. Nanowear on PS rich surfaces involved ripple formation, while nanowear on P2VP and 
PAA rich surfaces mainly involved removal of the polymeric material. Most interestingly, 
different wear behavior was observed for binary brush surfaces on treatment with different 
selective solvents. On the other hand, the overall effect of the wear was averaged by all the 
asperity contacts at macroscale and no specific wear mechanism could be observed. Many 
nanowear studies carried out using AFM on different polymer surfaces have been reported 
[48,192-202]. All these studies report formation of ripples as a typical wear mode. Some 
AFM and microtribometer nanotribological studies have been also reported on grafted 
polymer layers such as PS, PMMA, PBA, etc. [150,151,192,206]. 
 
     The height of the ripples on the polymer brushes and films increased with increase in the 
scan number. This was in accordance with the literature reported for PS films [193,194]. Goh 
et. al reported that the tip produces a persistent deformation on the film; some of the polymer 
molecules are eventually pulled up by the tip. Nanometer-size structures are induced, 
resulting in a pattern that is periodic and is oriented perpendicular to the scan direction [193]. 
Similar to our results, studies in past have shown that distance between the ripples increases 
with the scan repetitions [193], while distance between the ripples decreases as the tip 
velocity increases [48,214]. It has been observed by Komoto et. al that two ripples can merge 
to double the rippling period and feature size. It was also observed from our results that the 
distance between the ripples increase with applied force [205]. Studies at constant applied 
load, scan velocity and molecular weight showed that the distance between the ripples and 
overall roughness of the polymer surface increases with temperature [181,196]. Furthermore, 
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it has also been shown that above the glass transition temperature of the polymer, the whole 
scanned area is worn out and the material collects at the rim [49,201]. 
 
     Shipway et. al and Seitz et. al have shown that molecular weight and entanglements have 
significant effect on the wear behavior of PS surfaces [121,194]. Based on effect of molecular 
entanglements as well as effect of adhesion and friction between the tip and surfaces, we 
explained our results for wear behavior in different surfaces.  
 
6.3  Conclusions 
 
     In this chapter, we discussed nanowear studies using AFM, on nanothin layers of 
responsive binary brushes [PS+P2VP and PS+PAA] and respective monobrushes [PS, P2VP, 
and PAA] as well as thicker spin-coated films. Wear mechanism observed for the 
monobrushes was similar to that observed for the spin-coated films. However, the extent of 
the wear on the brush surfaces significantly differed from that on the spin-coated film 
surfaces. Nanowear on the surfaces was affected by molecular entanglements, adhesion and 
friction forces as well as shape and status of the tip. The stick-slip phenomenon was 
responsible for ripple formation observed for spin-coated PS film as well as PS, PS+P2VP, 
and PS+PAA brush surfaces treated with toluene. The permanent deformation during ripple 
formation occurred via molecular displacement and conformational changes. In spin-coated 
P2VP film, sample showed high viscous yield due to absence of entanglements. In this case, 
wear occurred via removal of polymer chains and their accumulation at the rim. In case of 
P2VP and PS+P2VP brushes treated with ethanol as well as PAA and PS+PAA brushes 
treated with pH 10 water, wear process involved breaking of polymer chains due to higher 
adhesion and friction forces, and removal of broken chain segments to rim of scanned area. 
Wear in PS+PAA brush treated with ethanol also involved breaking of chains, but broken 
chain segments were not carried to the rim. Moreover, for PS+P2VP surface treated with 
acidic water, the wear mechanism was more complex which involved formation of ripple like 
structure initially, which was followed by formation of heaps of irregular size and shape in the 
centre of scanned area. The amount of wear increased with the number of scans for all the 
samples. Furthermore, extent of wear was affected by variation in applied load and scan 
speed. Wear studies at macroscale suggested that extent of wear was similar in PS and P2VP 
brush surfaces. For spin-coated films, macrowear was higher in P2VP films as compared to 
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that in PS films. Our studies show that wear mode of polymer surfaces can be 
controlled/tuned by the use of binary polymer brushes. 
 Chapter 7 
Summary and Outlook 
 
     Polymer brushes are important materials by virtue of their various noble properties. They 
are potential material for modification of properties of the surfaces. Properties of the surfaces 
with polymer brushes can be switched and tuned by treatment with suitable external stimuli. 
Such smart surfaces can be used for fabrication of various devices. Adhesion, friction, and 
wear of polymer brush surfaces are the important properties which are necessary to be 
investigated for successful fabrication and operation of various nano- as well as macro-
devices. In this thesis work, adhesion, friction, and wear behavior of the monobrush surfaces 
(PS, P2VP, and PAA) and binary polymer brush surfaces (PS+P2VP and PS+PAA) in contact 
with other inorganic or polymeric surfaces have been investigated. Moreover, effect of 
switching behavior of chemical composition of binary brush surfaces (on treatment with 
suitable solvents) on the wettability, surface roughness, and hence on the adhesion, friction, 
and wear properties of the surfaces has been analyzed.  
 
     All the brushes were synthesized via ‘‘grafting to’’ technique using end functionalized 
polymer chains. Monobrushes and binary brushes were synthesized via single-step process 
and two-step process, respectively. Gradient binary brushes were synthesized using 
temperature gradient stage. PS and P2VP were spin coated to give physically adsorbed thicker 
polymer films. For fabrication of colloidal probes, silica particles were modified by grafting 
with PS and PAA chains.  
 
     AFM topography images demonstrated that all the brush surfaces were homogeneous. 
Lower rms roughnesses for these images suggested that all the brush surfaces were smooth.  
 
     Contact angle measurement suggested that the wettability of the hydrophilic P2VP and 
PAA monobrush surfaces was higher than that of the hydrophobic PS brush surface. 
Similarly, in case of PS+P2VP and PS+PAA binary brushes treated with selective solvent, 
surfaces exhibited higher wettability when P2VP or PAA content was on the top of the 
sample surface as compared to the situation when PS content was on the top of the sample 
surface. Moreover, contact angle results showed that the chemical composition and hence the 
wettability of the binary brush surface could be switched by treatment with suitable selective 
solvents.  
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     Nanoscale investigation of the adhesion and friction was performed by AFM. Si3N4 tips 
and colloidal probes (with bare silica particle and also with silica particles with grafted PS 
and PAA on surface) were used for measurements. Adhesion and friction forces were 
correlated, and were in accordance with the wettability of the samples for most of the brush 
surfaces. The adhesion and friction forces on the monobrushes were comparable to that on the 
spin-coated films. Switching in the adhesion and friction forces was observed for the 
PS+P2VP and PS+PAA binary brushes on treatment with selective solvents. For PS+P2VP 
binary brushes, maximum switching in adhesion force and friction coefficient was by a factor 
of 2.1 and 4.5, respectively. Similarly, PS+PAA brushes showed switching by a factor of 2.7 
and 5.4 for adhesion force and friction coefficient, respectively. Furthermore, switching of 
friction for mixed brush surface was observed during macroscale friction measurements using 
nanoindenter. Friction coefficients at macroscale were higher than those at the nanoscale.  
 
     Various factors affected the adhesion and friction forces significantly. Humidity 
dependence studies showed that adhesion and friction forces for brush surfaces increased with 
increase in the relative humidity. However, switching in adhesion and friction (on treatment 
with selective solvents) was observed at all the relative humidities used. Moreover, adhesion 
and friction forces between the surfaces were significantly influenced by the grafting density 
of polymer brushes, chemical composition of top of the binary brush surface (hydrophilic 
content %), and tip scan velocity. 
 
     Nanowear studies were carried out using contact mode AFM. Nanowear on the surfaces 
was affected by molecular entanglements, adhesion and friction forces as well as shape and 
status of the tip. It was observed that the typical wear mode for PS brushes (treated with 
toluene) was ripple formation. In case of P2VP brushes (treated with ethanol) and PAA 
brushes (treated with pH 10 water), wear occurred via removal of the polymeric material. 
Wear mechanism observed for the monobrushes was similar to that observed for the spin-
coated thick films of the same polymeric material. However, extent of the wear on the brush 
surfaces significantly differed from that on the film surfaces. In case of PS+P2VP and 
PS+PAA binary brush samples, change in the wear mode was observed on treatment with the 
different selective solvents. On treatment with toluene (PS on the top), both of these binary 
brushes showed the wear by formation of the ripples. On the other hand, when these binary 
brushes were treated with selective solvent for P2VP or PAA, wear occurred mainly via 
removal of the polymeric material. The amount of wear increased with the number of scans 
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for all the polymer brush samples. Moreover, wear on the polymer brush surfaces was also 
increased on increase in the applied load and decrease in the scan speed. Wear studies at 
macroscale suggested that extent of wear was similar in PS and P2VP brush surfaces. For 
spin-coated films, macrowear was higher in P2VP films as compared to that in PS films. 
 
     The present investigation shows that adhesion, friction, and wear of polymer surfaces can 
be controlled/tuned by the use of binary polymer brushes.  
 
     In future, further research work can be done in various directions. As we have seen that the 
wear process on the polymer surfaces is influenced by the molecular entanglements. Hence, a 
detailed investigation of effect of molecular entanglements on the wear process can be carried 
out using polymer brushes with polymer chains of different molecular weights (with different 
extent of entanglements).  
 
     It has been reported in the literature that the polymer brushes of pentafluorostyrene (PSF) 
provide the superhydrophobic surfaces with contact angle ∼150° [215]. Hence, such a 
polymer can be used with P2VP or PAA to obtain a reversibly switchable polymer brushes 
which is expected to show a higher extent of switching in the wettability of the surface on 
treatment with suitable solvents as compared to that for the binary brushes used in this work. 
Therefore, such a binary brush surface can be used to obtain a higher switching in the 
adhesion and friction forces. Moreover, an interesting nanowear process is expected on such a 
binary brush surface. 
 
     The behavior of the polymer brushes is quite different in the solvents as compared to that 
in the dried state. Hence, it can also be interesting to investigate the switching of adhesion and 
friction forces using binary polymer brushes under solvents. Moreover, lubrication properties 
of the polyelectrolyte brushes in solvents can also be investigated. Furthermore, tensile and 
other properties of polymer chains in the brush surfaces can be studied. 
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